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Abstract 
 

The Acoustic Sediment Elevation Dynamics (ASED)-sensor is a stand-alone measuring 

device designed by NIOZ, to study bed level dynamics within intertidal areas. The ASED- 

sensor was used to study the morphological behaviour of intertidal flats. However, the 

sensor was not yet properly tested and lacked an algorithm and autonomous script for 

translating raw intensity data into bed level data. Therefore, the objective of this study is 

to assess the applicability of the ASED-sensor for measuring bed level changes in 

intertidal areas. It includes developing the raw data processing algorithms and their 

implementation in Python scripts.  

The ASED-sensor uses a pulsed acoustic signal of approximately 300 kHz to measure bed 

levels during submerged conditions. The reflected signal by the bed is detected by a sudden 

increase in amplitude. The travel time of the signal from the sensor to the bed and vice 

versa needs to be converted to a distance, to obtain bed levels. The sensor will be tested 

both in the lab and in the field. Lab experiments need to be collected to verify whether the 

ASED-sensor can detect the echo and measure the travel time in a range of environmental 

conditions in the water tank and wave flume at NIOZ in Yerseke. The environmental 

conditions consisted of water depths, soil types, dilutions of soil types, and waves and 

current forcing. Thereafter the ASED-sensor was deployed to measure in the field. The 

field experiments were performed in the Eastern Scheldt, next to NIOZ, and in the 

Western Scheldt at the Kapellebank. The Eastern Scheldt experiment was performed 

during a weekend, while the Western Scheldt experiment collected data for 19 days. The 

lab experiments and the Eastern Scheldt experiment were validated with a manual 

measurement using a tape measure. The validation of the Western Scheldt experiment’s 

data was accomplished by a tape measure and erosion pins.  

At the start of the study, the ASED-sensor lacked an autonomous script for translating 

raw intensity data into bed level data. Therefore, three algorithms were tested, consisting 

of Fast Fourier Transform, envelope method and the Kalman filter. The Kalman filter 

method showed the most promising results, with the lowest standard deviation and lowest 

computation time. Parameter settings within the script were determined using the lab 

and field experiments. The parameter settings are filtering noise and searching the start 

of the sudden increase in amplitude of the first strong signal reflected by the bed. These 

parameters tune the bed detection of the ASED-sensor. 

The practical measurement domain for the ASED-sensor is from 0.20 m to 0.45 m, 

according to the raw data analysis of all lab experiments. The coefficient of determination 

(𝑅2) between the newly developed script and the manual measurements was 0.99 for the 

lab experiments. The bed could be detected during the field experiments. The actual 

accuracy is 2 mm to 4 mm, obtained from the lab experiments. The predecessor Sediment 

Elevation Dynamics (SED)-sensor scores 4 mm for the accuracy (De Mey, 2016). The light 

cells based SED-sensor cannot measure during nocturnal and submerged conditions. The 

hydrodynamics are only active during submerged conditions and thus morphological 

changes cannot be observed by the SED-sensor but can be observed by acoustic 

instruments. Most acoustic instruments have the same accuracy but have a high unit cost 

and labour-intensive deployments. The ASED-sensor, with its high vertical accuracy, low 

labour-intensive deployment cost and reasonable cost, is well suited for monitoring bed 

level dynamics in intertidal areas.  
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1 Introduction 

1.1 Background 
The ability of salt marshes and tidal mudflats to aggrade vertically to maintain their 

position in the intertidal region has been the focus of numerous studies over the last 50 

years (Ranwell, 1964; Leonard et al., 1995; Möller et al., 2014). During the present era of 

sea-level rise and increasing storminess, sustainable coastal protection requires in-depth 

understanding of their long-term lateral dynamics and their ability to survive the 

changing conditions (Callaghan et al., 2010; Yang et al., 2012; Bouma et al., 2014; Möller 

et al., 2014). Coastal ecosystems, such as tidal flats and salt marshes (Figure 1.1), 

mangrove forests and reefs, can contribute to coastal protection and flood risk reduction 

by surge attenuation (Wamsley et al., 2010), wave energy dissipation and erosion 

reduction (Gedan et al., 2011). 

 

Figure 1.1: Exposed, sand-rich tidal flat and salt marsh (Friedrichs, 2012) 

The morphological evolution (i.e., the balance between erosion and accretion) of tidal flats 

and salt marshes are influenced by tidal currents and waves (van der Wal et al., 2008; 

Callaghan et al., 2010). Morphodynamical changes in salt marshes are suppressed by 

vegetation, but dynamics at tidal flats occur much faster due to the absence of vegetation 

(Möller et al., 1999; Hu et al., 2015).  

Three different types of measurements showed, that sediment deposition occurred on the 

marsh surface during rising tides at tidal elevations ranging from those barely flooding 

the creek bank to high spring tides, and that sediment was not remobilized by tidal flows 

after initial deposition (Christiansen et al., 1999). Flooding is the main mechanism for 

sediment delivery to the marsh platform, salt marshes are therefore inevitably linked to 

sea level and tidal oscillations (Fagherazzi et al., 2012). Sediment deposition occurred on 

the marsh surface largely because fine sediment in suspension formed flocs. The processes 

controlling sediment deposition did not vary among tides. However, Suspended Sediment 

Concentration (SSC) near the creek bank increased with increasing tidal amplitude, 

consequently promoting higher rates of deposition with higher tides (Christiansen et al., 

1999). If vertical sediment accretion is smaller than sea-level rise, marshes are at risk of 

drowning and suffer “coastal squeeze” when dykes prevent (high) marshes to recede inland 

(Doody, 2004). Besides all this, there is a seasonal influence of waves on the shore and 

mudflats. Winter has higher waves whereby the sediment is placed further outwards and 

the beach becomes steeper. The beach steepness is low in summer, due to the calmer waves 

and more deposition of sand on the beach. 

High hydrodynamic energy either from waves or current velocity, and lack of sediment 

will generally cause mudflat–salt marsh ecosystems to reduce in size due to erosion. The 
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inverse, high sediment availability combined with low hydrodynamic energy, most likely 

results in vertical accretion and/or lateral extension (Bouma et al., 2005, 2016). The waves 

and current forcing generate bottom shear stresses, which are relevant for sediment 

erosion and deposition. The bottom shear stress at the bed is a combined effect of non-

linear interactions between the mean flow and the waves (Le Hir et al., 2000). As 

mentioned before the tidal flat topography is continuously shaped by hydrodynamic force 

from tidal currents and wind waves (Hu et al., 2015). As such forces have great temporal 

and spatial variability on short time scales, they may impose short-term surface elevation 

(Le Hir et al., 2000; Green et al., 2014). The short-term bed level change information is 

vital to identify the effect of current hydrodynamic forcing and to understand fundamental 

processes in sediment transport (Friedrichs, 2012; Green et al., 2014). Wave forcing is 

known to vary strongly with wave direction, wave period, wave height and tidal phase or 

water depth (Nielsen, 2009). Current forcing varies hourly with the tidal phase, and the 

tidal range varies fortnightly with the spring/neap cycle (Bouma et al., 2005). Waves and 

current field measurements on tidal flat and salt-marsh ecosystems indicated that the 

hydrodynamic forcing on the bottom sediment was strongly influenced by wind-generated 

waves, more so than by tidal- or wind-driven currents (Callaghan et al., 2010). The 

measurements further showed that the hydrodynamic forcing decreased considerably 

landward of the marsh cliff, highlighting a transition from vigorous (tidal flat and pioneer 

zone) to sluggish (mature marsh) fluid forcing (Callaghan et al., 2010).  

Within the estuarine and coastal environment, tidal flats and salt marshes play an 

important role as essential habitats for plants and animals and as sinks and/or source for 

nutrients, pollutant and sediment  (Figure 1.1; Allen, 2000; Doody, 2004). They also play 

a significant role in coastal defence, enhancing coastal sedimentation, as the intertidal 

vegetation decreases water movements and binds sediments (USACE, 1989). Sediment-

rich environments with gentle bed slopes are a common representation of the tidal flats 

(Figure 1.1; Friedrichs, 2012). The vegetation in salt marshes ensures a stable sediment 

bed. Despite the absence of vegetation in the tidal flat, bed level changes are influenced 

by ecology, due to the seasonal presence of stabilizers and destabilizers bio-engineers on 

tidal flats, like algal tufts for the stabilizing effect and lugworms for destabilizing 

(Volkenborn et al., 2008; Hu et al., 2015). The wave attenuation by vegetation generally 

causes an exponential decline of wave energy with distance across salt marshes (Bouma 

et al., 2005; Möller et al., 1999; Yang et al., 2012). Comparisons show that wave 

attenuation across salt marshes is determined by vegetation characteristics, 

hydrodynamics, and sediment bed and can show spatial and temporal variations (Yang et 

al., 2012). 

To identify the short-term bed level changes an instrument is needed which can monitor 

those changes. Several instruments such as: Photo-Electronic Erosion Pin (PEEP) sensor 

and the SED-sensor are used to measure bed level changes. A big limitation of these 

instruments is that they cannot measure during submerged and nocturnal conditions 

(Lawler, 2008; Hu et al., 2015). Another instrument, the electro-resistivity sensor, which 

uses the difference in the electrical conductivity of seawater and sediment, has a low (10-

30 mm) vertical resolution (Ridd, 1992; Hu et al., 2015). As alternative different acoustic 

instruments have been used, such as: ALTUS (Ganthy et al., 2013), Acoustic Doppler 

Velocimeter (ADV) (McLelland et al., 2000), Acoustic Doppler Current Profiler (ADCP) 

(Horstman et al., 2011),  Single Beam Echo Sounder (SBES) (Kongsberg Maritime AS, 

2017) and Multi Beam Echo Sounder (MBES) (Kongsberg, 2017). The acoustic instruments 

generally have the highest vertical resolution (within 2 mm). However, most of these 
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methods require external power and an on-site data-logging system, which leads to high 

unit cost and labour-intensive deployment (Hu et al., 2015). The acoustic instruments cost 

more than €8000. Conventional discontinuous surface-elevation monitoring typically has 

a coarse temporal resolution (weeks to months), determined by resurvey frequency 

(Lawler, 2008; Nolte et al., 2013). 

The NIOZ developed a new sensor called the ASED-sensor. The ASED-sensor is a 

standalone device, like the predecessor SED-sensor. The ASED-sensor measures the 

propagation time of the signal reflected by the bed using an acoustic signal with a 

measurement frequency of approximately 300 kHz (Appendix A.1.1). This allows the 

sediment dynamics to be measured continuously during submerged conditions (Thorne et 

al., 2002). This study is the first time that the ASED-sensor is tested thoroughly. First, 

the ASED-sensor will be validated during lab experiments before the data of the ASED-

sensor can be trusted in the field. 

 

1.2 Research gap and relevance 
Estuarine tidal flats and salt marshes are important ecosystems, providing coastal 

protection (Allen, 2000; Callaghan et al., 2010). Hydrodynamic energy either from waves 

or current velocity and sediment will cause the salt marsh and tidal flat to laterally grow 

and retreat (Bouma et al., 2005). The size of the system influences the contribution to wave 

energy reduction and thereby on coastal protection (Vuik et al., 2016); therefore, it is 

important to monitor bed level changes. The morphological development of the bed is 

driven by the hydrodynamic characterisation of a mudflat-salt marsh ecosystem. Yet, 

there is not much known about the relationship between the hydrodynamics and the 

morphological changes of the seabed. Therefore, an instrument is needed to measure in 

high resolution these morphological changes to understand the underlying processes. 

Accordingly, NIOZ designed a novel stand-alone instrument called the ASED-sensor. The 

ASED-sensor detects sediment surface position by an acoustic signal and is developed to 

measure with a high vertical resolution. The ASED-sensor has a high battery and storage 

capacity. Therefore, the surface elevation dynamics can be measured with a high temporal 

resolution. The problem with the predecessor SED-sensor not continuously measuring 

during submerged conditions has been solved. It is important to measure during 

submerged conditions because the hydrodynamics are only active during submerged 

conditions and thus morphological changes can be observed. This sensor is relatively cheap 

compared to the other acoustic instruments and should have similar accuracy. Since the 

sensor is cheap, a network of ASED-sensors could be placed in intertidal areas to register 

not only temporal variations but also spatial variations.  
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1.3 Research objective 
The objective of this study is: 

Assessing the applicability of the ASED-sensor for measuring bed level changes in 

intertidal areas.  

Waves, currents and vegetation are the influencing factors for morphological changes 

(Möller, 2006). The bed level changes occur mostly during submerged conditions. For the 

registration of bed level changes, the ASED-sensor has been used. A script is built to 

convert the raw data into bed levels. This might improve the understanding of the 

underlying processes for the bed level changes during submerged conditions. Climate 

change, land subsidence and population growth in coastal areas lead to an increase in 

flood hazards and in its consequent economic damage and loss of life (Mendelsohn et al., 

2011). The ASED-sensor, with its high vertical accuracy, low labour-intensive deployment 

cost and reasonable cost, is well suited for monitoring bed level dynamics in intertidal 

areas. Therefore, this study will give a better understanding of the short and long term 

morphodynamics using the ASED-sensor.  

 

1.4 Research questions 
Three research questions have been formulated to achieve the research objective.  

1) What is the ASED-sensor? 

2) For what range of environmental conditions can the ASED-sensor detect a bed? 

a) Under controlled lab experiments? 

i) The range of water depths?  

ii) The range of soil types? 

iii) The range of dilutions of the different soil types? 

iv) During waves and current forcing? 

b) During field experiments? 

i) In the Eastern Scheldt? 

ii) In the Western Scheldt? 

3) What converting method is suitable for detecting the bed using the raw data of the 

ASED-sensor? 

 

1.5 Report outline 
Following this introductory chapter, the next chapter starts by explaining the ASED-

sensor, describes the study sites for collecting the lab and field data and illustrates the 

methods for converting the raw data into bed levels. Consecutively, chapter 3 describes 

the results of the raw data of the ASED-sensor under several conditions and converting 

the raw data into bed levels. Thereafter discussions, conclusions and recommendations 

are provided in chapter 4, 5 and 6. 
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2 Methods 

2.1 The ASED sensor 
The ASED-sensor is a stand-alone device that measures the propagation time of the signal 

reflected by the bed using an acoustic signal with a measurement frequency of 

approximately 300 kHz (Appendix A.1.1). The ASED-sensor has a storage capacity of 8 

GB. The ASED-sensor has an energy supply from a battery pack of 8 alkaline AA battery 

cells (F. van Maarseveen, personal communication, October 15, 2018). The sensor is made 

waterproof by the transparent polyester case (Figure 2.1). The ASED-sensor has one 

transmitting transducer and one receiving transducer. The transducers are made 

waterproof by a 4 mm layer of lime/sealer 604 of Ruplo (F. van Maarseveen, personal 

communication, October 15, 2018). Between the transducers and the lime/sealer no air is 

present (Figure 2.2). The acoustic signal propagates from the transmitter through the 

water to the seabed (green arrow; Figure 2.3) and reflects at the seabed returning to the 

receiver (red arrow; Figure 2.3). Therefore, to define the water depth the signal travel time 

needs to be divided by two and multiplied by the speed of sound (blue arrow; Figure 2.3). 

The speed of sound varies by the water temperature, water pressure and the salinity. The 

ASED-sensor measures the water pressure, in 0.1 mbar accurate, and the water 

temperature, 2 decimals accurate in degrees Celsius. Salinity is determined 

independently, by conductivity sensor or from Rijkswaterstaat (Dutch department of 

waterways and public works) in parts per thousand. The time of measurement is recorded 

in milliseconds from 1-Jan-2001. The voltage of the battery, the start and the end voltage 

of the transmission are stored in millivolt (F. van Maarseveen, personal communication, 

October 15, 2018).  

 
Figure 2.1: The waterproof transparent polyester 

case of the ASED-sensor 

 
Figure 2.2: The head of the ASED-sensor with two 

transducers and the 4 mm thick lime/sealer.  

 
Figure 2.3: Signal transmission through the water 
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Before the signal can be sent into the water, the electric signal from the transducer needs 

to be transformed into an acoustic signal into the water and vice versa. The piezoelectric 

material in the transducer ensures these translations. 

First, the transducer’s analogue signal output is amplified and then passed through a 

bandpass-filter to lower the noise. It is then sampled at a 4 MHz sample rate with an 8-

bit accuracy (F. van Maarseveen, personal communication, October 15, 2018). 

During the transmission of the pulse, the data is not sampled. Therefore, the first 80 

samples in time are not registered (F. van Maarseveen, personal communication, October 

15, 2018). The ASED-sensor sends a burst of 5 pulses at approximately 300 kHz into the 

water. The transducer cannot produce a square wave and its best approach is a sine. The 

capacity of the electronics of the ASED-sensor and the mass of the water ensure a 

flattening of the square wave into the sine wave (F. van Maarseveen, personal 

communication, October 15, 2018).  

The hardware consists of an 8-bit AD (analogue to digital) converter (28 = 256), which 

results in an intensity range from -128 to 127 (F. van Maarseveen, personal 

communication, October 15, 2018). The AD converter has a reference voltage of 1 V for the 

translation of analogue voltage to the digital domain (F. van Maarseveen, personal 

communication, October 15, 2018). The digital domain has a sample rate of the 4MHz, 

with 4000-time steps of 250 ns each being recorded. The AD converter which is used is the 

AD9203 (Appendix A.1.2). The digital value of the AD converter represents the ratio of the 

measured voltage with respect to the reference voltage. The voltage can be calculated back 

when both voltages and the ratio are known. An amplifier is needed to get the voltage of 

the transducer for the AD converter to a sufficient level for passing the bandpass filter. A 

bandpass filter is a device that reduces the band noise and is a frequency selective filter 

(Corbishley et al., 2007). The bandpass filter and amplifier only pass the 300 kHz signal 

and reject other frequencies or interferences. The ASED-sensor has a 3400x bandpass 

filter, the 3400 is the amplifier factor (F. van Maarseveen, personal communication, 

October 15, 2018). One reference voltage of the ASED-sensor and a 3400x bandpass filter 

give a  
1.0

3400∗256
 =  1.15 µ𝑉. The intensity range is from −0.147 𝑚𝑉 (−128 ∗ 1.15 𝜇𝑉) to 

0.146 𝑚𝑉 (127 ∗ 1.15 𝜇𝑉). One unit of intensity of the signal is 1.15 µV.  

The acoustic measurement interval of the ASED-senor can be set with a Wi-Fi connection 

to the computer (Figure 2.4). Every single measurement can have an inter-measurement 

delay of a few milliseconds in a batch. The only requirement is that the signal should be 

back before the new signal is sent into the water. The output values which will be used for 

further analysis can be found in Appendix A.1.3. 
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Figure 2.4: ASED-sensor interface screen by Wi-Fi connection 

After each burst electrostatic noise can occur or the internal mechanism could be vibrating 

(Riegl et al., 2004; Lurton, 2010), which will result in noise at the beginning of the signal. 

Therefore, the first 533-time steps of the measurement are ignored which is approximately 

0.10 m. This means that the first 613 (533 + 80) samples in time are not measured, which 

is 153 𝜇s (613 * 250 ns) in time. The speed of sound in seawater is assumed to be 1500 m/s. 

This results in  
 613∗250 𝑛𝑠∗1500 𝑚/𝑠

2
= 11.5 𝑐𝑚  in water depth. The ASED-sensor measures 

with a 4 MHz sample rate during 1 ms (4000 samples), which can measure a water depth 

of  
4000∗250 𝑛𝑠∗ 1500 𝑚/𝑠

2
= 0.75 𝑚. Therefore, the theoretical measurement domain of the 

ASED-sensor is from 0.115 to 0.865 m. Based on the collected lab experiments, we assume 

a practical measurement domain from 0.20 to 0.45 m. 

The transducer starts sending the signal by the provided square waves and the 

accumulated energy will be delivered in a few periods of decreasing intensity strength (F. 

van Maarseveen, personal communication, October 15, 2018). Since the transducer of the 

ASED-sensor sends 5 pulses, the bed detection will start at a sudden increase in return 

signal amplitude. The reflection of the bed is dependent on the roughness/ smoothness and 

the type of bed. The rougher the bed, the more diffuse scatter will occur, and the more 

energy will return to the receiver, like a rock bed. The smoother the bed, the more specular 

the scatter, with that energy not returning to the receiver and being lost, like a very fine 

silt bed (Riegl et al., 2004; Lurton, 2010).  
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The files from the ASED-sensor can be downloaded using a Wi-Fi connection. The file 

name of a certain ASED-sensor is 002-003A.SE2. Where 002 denotes the sensor-id, 003A 

is the measurement sequence number (in hex coding) and SE2 is the output format 

(Appendix A.1.4).   

2.2 Study sites 

2.2.1 Lab experiments 

The travel time of the signal from the ASED-sensor to the bed and vice versa needs to be 

converted to a distance, to obtain a water depth. Therefore, analytic software needs to be 

developed. Before this can be done, lab experiments need to be collected to verify whether 

the ASED-sensor can measure the travel time in a range of environmental conditions. The 

lab experiments are measured under controlled environmental conditions. Thereafter the 

ASED-sensor will be used in the field. All lab experiments were obtained in a 300-litre 

water tank and in the wave flume at NIOZ. The water tank is placed outside, next to the 

greenhouse, at the NIOZ terrain in Yerseke (51°29’17” N; 004°03’26” E; Figure 2.5). Water 

from the Eastern Scheldt is used, which has an average salinity of 31.7 parts per thousand.  

 

Figure 2.5: Location of the study sites. Location 1 is next to NIOZ which is in the Eastern Scheldt. Location 2 

is the Kapellebank which is in the Western Scheldt. Location 3 is the greenhouse at the NIOZ terrain.  

The wave flume of NIOZ (Figure 2.6) is used for testing the ASED-sensor during controlled 

waves and current forcing. The dimensions of the wave flume are 17 m long (2 m test 

section) x 0.6 m wide x 0.4 m deep (Figure 2.6). The current velocity can be changed from 

0 to 80 cm/s and small regular waves can be made. The maximum wave height which can 

be created by the wave flume was 9.5 cm. The wave flume is filled with 30 cm of water 

from the Eastern Scheldt. First, the water from the Eastern Scheldt is saved in a big water 

tank and thereafter put in the wave flume. The same occurs when the water needs to be 

emptied from the wave flume. The big water tank is used to split the added chemicals from 

the water before the water is deposited in the Eastern Scheldt. The salinity in the wave 

flume is 31.2 parts per thousand.  
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Figure 2.6: The wave flume of NIOZ (NIOZ website) 

Waves will propagate through the entire wave flume. At the end of the test section, the 

wave break material is placed under a gradient to damp the wave and reduce reflection 

(Figure 2.7). The experiment with current forcing does not have wave break material. 

Therefore, the current forcing could circulate through the entire wave flume. The set-up 

of the ASED-sensor for both waves and current forcing experiments is shown in Figure 

2.8. 

 
Figure 2.7: Wave break material for damping 

the waves 

 
Figure 2.8: Set-up of the ASED-sensor for the waves and current 

measurements 

2.2.2 Field experiments 

The field experiments are performed in the Eastern Scheldt and in the Western Scheldt 

(Figure 2.5 location 1 and 2 resp.). Because the Eastern Scheldt was closed off from 

freshwater input from the Rhine, Meuse and Western Scheldt since 1969, the Eastern 

Scheldt formed a tidal bay (De Leeuw et al., 1992). Since then, the salinity remained nearly 

constant (De Leeuw et al., 1992). The tides are semidiurnal, with a tidal range of 4 m (data 

derived from Rijkswaterstaat (Ministry of Transport and Public Works)). The soil type of 

the Eastern Scheldt is sandy. The ASED-sensor is placed next to NIOZ (Yerseke) in a sand 
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soil type in the Eastern Scheldt (51°29’18” N; 004°03’29” E; Figure 2.5 location 1 resp.; 

Figure 2.9). The salinity is assumed to be 31.7 parts per thousand at the experiment 

location in the Eastern Scheldt. 

 
Figure 2.9: Set-up of the field measurement in the 

Eastern Scheldt next to NIOZ 

 
Figure 2.10:  Western Scheldt experiment set-up 

ASED-sensor 

The Western Scheldt is a well-mixed estuary and is exposed to semidiurnal tides (Van den 

Berg et al., 1996; Horstman et al., 2011). Salinity at the mouth of the Western Scheldt 

(near Vlissingen ) is around 25 parts per thousand and around 10 parts per thousand at 

the Dutch-Belgian border, increasing during summer and decreasing during winter (Van 

Damme et al., 2005). The salinity is assumed to be 25 parts per thousand at the experiment 

location in the Western Scheldt (Figure 2.5 location 2 resp.; Figure 2.10). The tidal range 

in the Western Scheldt increases from approximately 4.2 m at the mouth (near Vlissingen) 

to 5.2 m at Hansweert (data derived from Rijkswaterstaat). The bed sediment of the 

Western Scheldt predominantly consists of well-sorted medium to fine grained sand (Van 

den Berg et al., 1996). The ASED-sensor is placed at the Kapellebank (51°27’35” N; 

003°58’15” E; Figure 2.5 location 2 resp., Figure 2.10 and Figure 2.11). The soil type of the 

Kapellebank is for 88% silt and the median grain size (D50) is 16 𝜇m. The silty sediment 

of the Kapellebank can easily get in suspension. The SSC in the Western Scheldt has a 

high seasonal and tidal dependency (Fettweis et al., 1998). In the winter the SSC is 2 times 

larger than in the summer. This is explained by the freshwater discharge of the river. The 

tide average mud concentration is 1.3 to 1.7 times higher during a spring tide than during 

a neap tide (Fettweis et al., 1998). This encourages sediment deposition during the spring 

tide. If the ASED-sensor can measure the bed during these circumstances, the ASED-

sensor should be applicable at all coasts, with a silty bed, as the Kapellebank. 
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Figure 2.11: The field experiment in the Westerschelde at the Kapellebank 

2.3 Lab and field experiments 

2.3.1 Lab experiments 

The lab experiments are conducted from 16th of October till 30th of October 2018. As 

mentioned above the ASED-sensor is evaluated during lab experiments in a water tank. 

The dimensions of the water tank (Figure 2.12.1) are a = 57.4 cm, b = 72 cm, c = 84 cm, d 

= 42 cm and e = 56 cm. The corners of the water tank give a strong reflection. Therefore, 

the ASED-sensor is not placed symmetrically in the water tank. The ASED-sensor is 

mounted using a steel ring whose inside is covered with rubber (Figure 2.12.3). With a bolt 

the ASED-sensor can be mounted on a wooden frame (Figure 2.12.3 and Figure 2.12.4).  

  
Figure 2.12: ASED-sensor in lab set-up next to the greenhouse at the NIOZ terrain. Picture 1 is the front view 

of the lab set-up. Picture 2 is the tape measure with a metal plate. The clip surrounding the ASED-sensor can 

be seen in picture 3. Picture 4 is the top view of the lab experiment. The ASED-sensor is mounted on a wooden 

pole. The echologger is mounted on the yellow pole with on top the Global Positioning System (GPS) receiver.  

1 

4 

2 

3 
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All the experiments are validated with manual measurements, by a tape measure. The 

tape measure has a metal plate at the end of the tape (Figure 2.12.2) and the benefit is 

that the metal plate did not disappear in the soft soil type. This improves the accuracy of 

the manual measurement up to 3 mm.  

For all the experiments the ASED-sensor will use a measurement frequency of 

approximately 300 kHz and, 8 individual measurements form a batch. Every individual 

measurement elapses 1 ms (=250ns * 4000) and the inter-measurement delay is 200 ms. 

The ASED-sensor has a short-term memory, which can be extended with SD-card. As the 

ASED-sensor measures, the measurements are first stored in the short-term memory and 

thereafter flushed to the SD-card. The short-term memory can only store 60 

measurements, which are 7 full batches. As the measurements are sent in batches the 

flush from the short-term memory to the SD-card will be during the batches (60 

measurements / 8 = 7.5). The ASED-sensor cannot store data during the data transfer 

from internal memory to external memory (SD-card). Therefore, immediately after a 

batch, the data is transferred from the short memory to the SD-card. This takes 1.3 

seconds in time. Therefore, a measurement interval of 3 seconds between each batch is 

required.  

2.3.1.1 Water depths 

First, the ASED-sensor is tested at different water depths. From this, the measurement 

domain can be obtained. A metal plate, which gives a strong reflection, covered half of the 

bottom of the water tank. The height of the ASED-sensor above the metal plate varies 

between 10 and 55 cm, with a distance interval of every 5 to 10 cm. The manual 

measurement was obtained by measuring from the metal plate to the waterline and from 

the waterline to the bottom of the ASED-sensor. The salinity is 31.7 parts per thousand 

during the experiments.  

2.3.1.2 Soil types 

In tidal-flats different soil types occur, ranging from silt to mud to sand (Adam et al., 2006). 

Each soil type gives a different reflection of the acoustic signal. This depends on the 

absorption rate and the saturation rate of the soil type (Lurton, 2010). The different soil 

types will be put in a bucket below the ASED-sensor in the water tank (Figure 2.12.4). 

The bucket can carry 13 litres and the dimensions are width 21 cm x length 31 cm x height 

19.4 cm. First, the soil was mixed well before putting the soil in the bucket. The bucket 

was filled with 10 cm soil and is covered with bubble plastic. Some seawater is put above 

the bubble plastic; therefore, the soil will not get in suspension in the water tank. The 

bubble plastic floated as the water in the water tank increased and the bubble plastic was 

removed. The measurements are done at depths of 20 and 40 cm.   

Six different soil types are used in this experiment. The first soil type is pure sand from 

the construction market. The second is silt obtained from Kapellebank (Western Scheldt) 

(Figure 2.5 location 2). Then, four different mixtures were made of these two soils. The 

idea is to add 20% silt to the sand and some salt water when needed to mix the new soil 

type. A 1.0 fraction of sand, 0.8 fraction of sand, 0.6 fraction of sand, 0.4 fraction of sand, 

0.2 fraction of sand, and silt were expected. Because the obtained silt from the 

Westerschelde already had 0.12 fraction of sand in the soil, it was not possible to create 

these exact mixtures. Of each soil type, 3 samples were taken. The samples were freeze- 

dried in the laboratory, and the sediment distribution (Appendix A.2) of the soil was 

determined using a Malvern laser particle sizer. The eventually mixed results are 1.0, 
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0.80, 0.65, 0.48, 0.40 and 0.12 fraction of sand. A 0.80 fraction of sand means that the soil 

type contains 0.20 fraction of silt, which is defined as a grain size smaller than 63 𝜇m. 

2.3.1.3 Dilutions of soil types 

When rough weather occurs, heavy wind and waves will get the upper layer of the bed in 

suspension. The sediment is mixed in the water. Therefore, it is necessary to know 

whether the ASED-sensor can measure the bed under these conditions. All soil types are 

used except 1.0 fraction of sand because it settles fast. Therefrom, the remained dilutions 

of the soil types were used. The dilutions are created by adding each time 20% water, so 

80% soil and 20% water, 60% soil and 40% water and 40% soil and 60% water. The results 

of the different dilutions are tested at water depths of 0.20, 0.30 and 0.40 m (Table 2.1). 

The bucket with the dilutions of soil types was put in the water tank in the same way as 

described in 2.3.1.2. This experiment checks whether the ASED-sensor measures the 

upper layer of the dilution of the soil or it measures through the soil suspension and 

detects the bottom of the bucket. The manual measurement is obtained by first measuring 

the upper layer of the soil to the upper edge of the bucket (Figure 2.13 (1)). The tape 

measure continued from the bucket edge was measured to the waterline (Figure 2.13 (2)) 

and, from the waterline to the bottom of the ASED-sensor (Figure 2.13 (3)). 

Table 2.1: Dilutions (percentage water in the soil) of the soil types at measured depths of 0.20, 0.30 and 0.40 m. 

The values between the x and y-axis are the dilutions of the conducted experiments.  

Fraction 

sand in soil  
0.80 0.65 0.48 0.40 0.12 

0.20 m 16.37, 26.11 17.07, 18.12 19.95, 20.00 20.26, 21.75  

0.30 m 16.37, 26.11 17.07, 18.12 19.95, 20.00 20.26, 21.75  

0.40 m 26.93, 45.47 
30.94, 43.86, 

68.98, 90.37 
41.27, 52.45 

44.47, 52.42, 

65.19 

57.50, 63.13, 

72.45 

 

 
Figure 2.13: Manual measurement from the soil to the transducer 

 
Figure 2.14: Mixer powered by an 

electrical drilling machine  

2.3.1.4 Waves and current forcing 

The purpose of this experiment is to determine whether the ASED-sensor can measure 

the bed in the presence of waves. Therefore, the ASED-sensor is positioned 0.183 m above 

the bed of the wave flume, and increasingly larger waves were generated in the flume. The 

measurement started with no waves to check whether the ASED-sensor could measure 
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the bed of the wave flume (Figure 2.8). Thereafter the waves started to increase every ten 

minutes by 1000 Rotations Per Minute (RPM). The RPM corresponds to a wave height 

(Table 2.2). The obtained experiments during waves are described in Table 2.2.  

Table 2.2: RPM versus wave height in the wave flume 

RPM wave height in cm extra information 

1000 2 

 

1100 3 

 

1200 5 

 

1300 7 

 

1400 6.5 constant wave 

1500 9 

 

1600 9.5 strong wave 
 

Table 2.3: Flume settings for the current of the 

wave flume 

flume setting in cm/s velocity in cm/s 

200 17 

250 23 

300 29 

400 38 

500 44 

600 55 

700 66 
 

 

During the current forcing experiment, the height of the ASED-sensor above the bottom 

of the wave flume was 0.227 m. The current started at flume setting 250 cm/s which 

corresponds to a velocity of 23 cm/s. The ASED-sensor measured the reflection of the signal 

by the bed in time (depth) the entire night. In the morning the current is set back to flume 

setting 200 cm/s. Every minute the flume setting increased by 100 cm/s until flume setting 

700 cm/s. It takes 5 seconds to increase the current velocity. The flume settings can be 

translated into velocities in cm/s (Table 2.3). The flume was calibrated (Appendix A.3) 

before the experiment started. 

2.3.2 Field experiments 

The ASED-sensor is also tested in the field. Therefore, the ASED-sensor was first placed 

next to NIOZ (Yerseke) in the Eastern Scheldt during the weekend of 20 October 2018. 

The Eastern Scheldt has a sandy bed and therefore a strong reflection of the signal by the 

bed is expected. The Western Scheldt has very fine silt. The Western Scheldt data is 

collected in three weeks from the 1st of November till 23rd of November 2018. The idea was 

to measure for two weeks, to measure during a full tidal cycle (spring and neap tides).  The 

ASED-sensor is mounted on a frame (Figure 2.9 and Figure 2.10). The long vertical pipes 

give the frame stability during wavy conditions. Another benefit of this frame is that 

scouring does not occur as it did with the predecessor the SED-sensor (Hu et al., 2015). 

Only point measurements at one location have been done, so only temporal variation can 

be observed. Each batch contains 8 measurements. The pressure sensor is enabled and set 

to a measurement interval of 5 Hz. Hereby, the waves are registered during the 

measurements in a submerged condition. For the determination of the inundation time, 

data from Rijkswaterstaat is used.  

2.3.2.1 Eastern Scheldt  

The Eastern Scheldt is a tidal bay and sediment deposition occurs during rising tides. As 

flooding is the main mechanism for sediment delivery, the tidal flat is inevitably linked to 

sea level and tidal oscillations (Fagherazzi et al., 2012). Therefore, a lot of bed level 

dynamics occur, and it is interesting to observe this with the ASED-sensor. The length of 

the vertical pipes of the frame which enter the ground are 1.5 m long. This length is enough 

for a sandy bed. The ASED-sensor measured with a measurement interval of every 5 

minutes and was set at a height of 39.0 cm above the bed (Figure 2.9).  
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2.3.2.2 Western Scheldt  

The Western Scheldt is a tidal bay as well, but here the bed is very silty. Therefore, the 

length of the vertical pipes of the frame which enter the ground are now 2 m long. This 

length is necessary for stability in the silty bed. The ASED-sensor had a measurement 

interval of every minute. The measurement interval was chosen to check whether waves 

affect the deformation of the bed. The manual measurement was at the start of the 

experiment at a depth of 0.258 m and after three weeks 0.270 m. The bed eroded in the 

three weeks. Three erosion pins (Stokes et al., 2010; Gedan et al., 2011) are located 2 

metres from the frame (Figure 2.15). Erosion pins are used to record the local surface level. 

The erosion pin is a very thin metal rod (i.e., to prevent scouring) with a height marker on 

top and a ring around the pin. The pin was pushed into the sediment, with the marker at 

a fixed height above the sediment. A metal ring was placed around the pin on top of the 

soil surface. The distance from the marker to the soil surface and the ring buried into the 

sediment were measured (Willemsen et al., 2018). The erosion pin showed an erosion of 

0.009 m. 

 

Figure 2.15: Three erosion pins (two erosion pins in the left red box) in the Western Scheldt experiment  

2.4 Converting raw data to bed levels 
Yet no analysing method existed at the start of this study. In the raw data of the ASED-

sensor, a bed needs to be determined. As mentioned in paragraph 2.1, it is assumed when 

the amplitude suddenly increases, this denotes the reflection of the signal by the bed 

(Figure 2.16). Therefore, a method is required to find this sudden increase in amplitude. 

In general, the beginning of the signal has a lot of noise (Figure 2.16). As the ASED-sensor 

will be used in shallow water, multiple reflections of the bed level can occur. These 

reflections are reflected by the transition from water to air and by the bed. Figure 2.16 

shows three reflections of the bed. In general, the first reflection has a higher intensity 

peak compared to the remained reflections and therefore the bed will be detected at the 

first strong reflection. The first strong reflection occurs around time step 600 (0.25 𝜇𝑠), so 

the distance between the ASED-sensor and the bed is approximately 
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1500𝑚 𝑠⁄ ∗((613+600)∗0.25 𝜇𝑠)

2
= 0.227 𝑚. The other strong reflections occur around time step 

1800 (≈600+613+600) (0.25 𝜇s) and 3000 (≈1800+613+600) (0.25 𝜇s).  

 

Figure 2.16: Raw data of the ASED-sensor above a metal plate 

Multiple methods are tested to detect the first peak in the raw data so that it can be 

converted into bed levels. The chosen method must be applicable under various 

environmental conditions.  

2.4.1 Fast Fourier Transform 

As the ASED-sensor sends one signal into the water, multiple frequencies return. This can 

be due to multiple reflections, noise, etc. The Fast Fourier Transform (FFT) analysis is 

done to convert a signal into its corresponding frequency components, therefore the signal 

can be better analysed (Appendix A.5.1; Figure A.6.4). The frequency with the highest 

amplitude is the frequency which occurs the most in the data (Figure A.6.4). As the data 

is not infinite and no periodicity occurs, spectral leakage will appear. Spectral leakage can 

be minimized using windowing. The Hanning window will be used for the FFT analysis 

(Appendix A.5.1.1). This analysis is done with the real numbers of the FFT analysis. Before 

the FFT analysis can be done all negative values need to be removed; therefore, the 

absolute is taken of the raw data. The wavelength can be calculated using the frequency 

with the highest amplitude. The FFT analysis also provides an imaginary number and the 

phase of the returned signal can be determined. A depth value can be calculated by the 

combination of the wavelength and the phase of the returned signal (Figure 2.17; Table 

2.4).  

2.4.2 Envelope method  

The sudden increase in amplitude can be found using the lower and upper envelope. The 

lower envelope are the minimum values of a line and the upper envelope are the maximum 

values of a line. The lower envelope is subtracted from the upper envelope, called delta 

envelope (Appendix A.5.2 Figure A.6.6).  

1. Determine the sample with the maximum peak value; 

2. Step back 300 (parameter) time steps; 

3. From there determine the minimal value, going forward (i.e. towards the peak). 

First reflection 

Second reflection 

Third reflection 

Initial and 
periodic 
noise 



Page 17 of 90 

This will be the point used as the beginning of the reflection. To find this point, a few 

parameters can be set. The parameters which can be set are filtering initial and periodic 

noise (Figure 2.16, Figure 3.2 and Figure 3.3), strong reflections after the first reflection 

of the signal by the bed or a strong second part of the reflection (Figure 3.8), the point from 

which to start looking for the minimum. The bed detection range is 400 ≤ time step ≤ 2000. 

This corresponds to the assumed practical measurement domain of 0.20 m to 0.45 m. 

Mostly, the sudden increase in amplitude and the maximum intensity peak take a time of 

less than 300-time steps. Therefore, the sudden increase in amplitude will be found 

starting from 300-time steps backwards in time to the maximum intensity peak. As the 

start of the sudden increase in amplitude is mostly the minimum value before the 

maximum intensity peak. To find this start of the sudden increase in amplitude a n-value 

will be introduced. The n-value is a horizontal line to find the minimum value before the 

maximum intensity peak of the delta envelope line. The n-value starts from value 1.0 and 

increases 0.1 as the minimum value is not found. The intersection between the delta 

envelope line and the n-value line is until n-value 20. Mostly, a lot of noise occurs at a n-

value higher than 20, observed from the lab experiments. As the n-value intersects the 

delta envelope line that time step will be the bed detected depth in time. The bed detected 

depth in time needs to be converted into depth by 
(𝑡𝑖𝑚𝑒 𝑠𝑡𝑒𝑝+613)∗250 𝑛𝑠∗𝑠𝑝𝑒𝑒𝑑 𝑜𝑓 𝑠𝑜𝑢𝑛𝑑 𝑚/𝑠

2
= bed 

detected depth in metres. A median filter is applied for the bed detected depths of each 

batch, because it effectively removes impulsive outliers from the signal. As the bed is 

undetectable with the parameter settings, the values are not saved. These parameters are 

set as default settings (Figure 2.17). All parameters can be manually adjusted.  

2.4.3 Kalman filter 

The final analysed method evaluated was the Kalman filter. The Kalman filter is one of 

the most widely used methods for tracking and estimation due to its simplicity, optimality, 

tractability and robustness (Julier et al., 1997). The Kalman filter, rooted in the state‐

space formulation of linear dynamical systems, provides a recursive solution to the linear 

optimal filtering problem (Haykin, 2002). It applies to stationary as well as nonstationary 

environments. The solution is recursive in that each updated estimate of the state is 

computed from the previous estimate and the new input data, so only the previous 

estimate requires storage (Haykin, 2002). 

The raw data (Figure 2.16) is made positive by taking the absolute of the raw data 

(Appendix A.5.3.1). Most of the noise is removed by applying the Kalman filter. All 

parameters described in paragraph 2.4.2 are used in the Kalman filter method as well. 

Mostly, the maximum intensity peak of the Kalman filter line is above an intensity value 

of 10 (1.15 𝜇𝑉), observed from the lab experiments. This is an extra parameter addition to 

the envelope method. The Kalman filter, the window of the bed detection and parameters; 

the amount of time steps to find the minimum value from the maximum value and the n-

value, are set as default settings (Figure 2.17). All parameters can be manually adjusted. 
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2.4.4 All methods 

 

Figure 2.17: Flow chart of the converting methods 
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To test the three methods, the experiment was done above a metal plate at a fixed depth. 

The manually measured depth is 0.284 m. The experiment has 2583 measurements. A 

burst of 8 measurements is analysed.  

First, the FFT method will be analysed. The difference between the first and the second 

measurement is 0.018 m (Table 2.4). This is due to the frequency fluctuations. The 

standard deviation of the FFT method is 0.008 m, for the envelope method 0.010 m and 

for the Kalman filter method 0.002 m (Table 2.4). The idea is that once a month the data 

is collected from the ASED-sensor. Therefore, another downside is the 5 minutes 

computation time of the envelopes of only 2583 measurements. The bed detection of the 

FFT yields 0.028 m deeper than the manual depth.  

The converting methods are applied by using scripts written in Python version 3.6. 

The envelope method and the Kalman filter method start increasing at the sudden 

increase in amplitude (Figure 2.18).  

As the ASED-sensor is placed above soil type 0.48 fraction of sand at a manually measured 

depth of 0.210 m. The delta envelope bed detection starts before the sudden increase in 

amplitude and therefore this method detects the bed at too shallow depths (Figure 2.19). 

The Kalman filter bed detection starts when a sudden increase in amplitude appears 

(Figure 2.19). 

The Kalman filter method will be used for analysing the bed detected depths and thus 

measuring sedimentation and erosion (Table 2.5).  

 

Figure 2.18: Comparison of the delta envelope and Kalman filter method. The ASED-sensor measures above a 

metal plate at a manually measured depth of 0.284 m = 932 (0.25 𝜇s). 
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Figure 2.19: Comparison of the delta envelope and Kalman filter method. The soil type of the bed is 0.48 fraction 

of sand. 
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Table 2.4: All methods used to convert the raw data into bed levels. The first 8 single measurements (one batch) are observed. This measurement was applied above a metal 

plate at a depth of 0.284 m. 

Single signal 1 2 3 4 5 6 7 8 Average 

[m] 

Median 

[m] 

Stdev 

[m] 

FFT freq [Hz] 325163 314157 325163 314157 314157 325163 325163 325163 321036 325162.581 5328.016 

FFT depth [m] 0.313 0.295 0.313 0.296 0.295 0.312 0.312 0.312 0.306 0.312 0.008 

Envelope depth [m] 0.288 0.255 0.284 0.287 0.286 0.286 0.278 0.286 0.281 0.286 0.010 

Kalman depth [m] 0.288 0.281 0.288 0.288 0.286 0.284 0.286 0.288 0.286 0.287 0.002 

 

Table 2.5: The advantages and disadvantages of the converting methods for the raw data into bed levels.  

 Fast Fourier Transform Envelope method Kalman filter 

Computation time 2 minutes 5 minutes 40 seconds 

Bed detected depth fluctuates 
Frequency fluctuates and therefore 

bed detected depth fluctuates 
High bed detected depth fluctuations Bed detected depth fluctuates 

Bed detected depth standard 

deviation 
0.008 m 0.010 m 0.002 m 

Manual depth versus bed 

detected depth 

The bed detected depth is 0.028 m 

deeper the manual measurement 

The bed detected depth is 0.002 m 

deeper the manual measurement 

The bed detected depth is 0.003 m 

deeper the manual measurement 

Raw data reflection of the signal 

by the bed versus the bed 

detected depth 

The bed is detected too deep 

compared to the reflection of the 

signal by the bed   

The bed is detected too shallow 

compared to the reflection of the 

signal by the bed 

The bed is detected exactly where the 

sudden increase in amplitude occurs 

in the reflection of the signal by the 

bed 
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3 Results 
Firstly, the raw signal of the ASED-sensor will be explained during the submerged and 

non-submerged conditions. Secondly, the raw signal of the ASED-sensor during the lab 

and field experiment will be clarified. Thirdly, the converted raw data to bed level data 

will be analysed. Finally, the obtained theoretical and actual accuracy of the ASED-sensor 

is described.  

3.1 Measuring with the ASED-sensor 

3.1.1 Being submerged or not 

Due to tides, the ASED-sensor is half of the time submerged during the field experiments. 

The difference between the non-submerged and submerged conditions can be clearly 

recognized in the raw data of the ASED-sensor (Figure 3.1). During non-submerged 

conditions, the initial part of the signal (approximately from t = 0 until t = 700) has a lot 

of noise and no bed is detected (blue line; Figure 3.1). A little initial noise occurs during 

submerged conditions (orange line; Figure 3.1). The submerged signal has a bed reflection 

with an intensity of around 100 (1.15 𝜇𝑉) time step 1600 (0.25 𝜇𝑠; orange line; Figure 3.1).

 

Figure 3.1: Non-submerged and submerged reflection of the raw signal of the ASED-sensor during the field 

experiment, Eastern Scheldt.  

3.1.2 The speed of sound in water 

The obtained time needs to be converted to depth values by multiplying by the speed of 

sound (c) to calculate the depth (d), see Equation 1.  

𝑐 [
𝑚
𝑠 ]
∗ 𝑡[𝑠]

2
= 𝑑 [𝑚] (1) 

Four speed of sound formulas, namely Del Grosso (Appendix A.6.1), Coppens (Appendix 

A.6.2), Mackenzie (Appendix A.6.3), and UNESCO – Chen and Millero (Appendix A.6.4) 

are compared with each other. By the calculation of the speed of sounds different salinities, 

depths or pressures and temperatures were used (Appendix A.6.5). The speed of sound in 

water will be calculated using the formula of UNESCO – Chen and Millero.  
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3.2 Collecting raw data 

3.2.1 Lab experiments 

The ASED-sensor can detect the reflection of the signal by the metal plate as bed at a 

manually measured depth of 0.284 m (Figure 3.2). The ASED-sensor measured 295 bursts 

for 14.8 minutes during this experiment. The signal of the ASED-sensor does change over 

time, although the bed is fixed during the lab experiments. The first signal is the raw data 

collected by the first measurement of the experiment and the last signal is the raw data 

collected by the last measurement of the experiment. The first signal has less initial noise 

(approximately t = 0 until t = 700) than the last signal (Figure 3.2).  

 

Figure 3.2: The first and last signal of the raw data of the ASED-sensor. The ASED-sensor is placed above a 

metal plate at a manually measured water depth of 0.284 m = 931 (0.25 𝜇s).  

This time the experiment lasts for 20 minutes and the manually measured depth is 0.340 

m. Both signals have a lot of initial and periodic noise (Figure 3.3). The reflection of the 

signal by the bed has a higher intensity for the first signal and a lower intensity for the 

last signal (Figure 3.3).  

A combination of increasing initial noise and decreasing bed reflection intensity occurred 

over time. These circumstances can occur during all the experiments and therefore can 

possibly influence the conversion of the raw data into bed levels. The reflection of the 

signal by the bed occurs mostly deeper than or around the manual measurement. At 

depths before the manual measurement and the reflection of the signal by the bed mostly 

noise occurs (Figure 3.1, Figure 3.2 and Figure 3.3).  

The 4 mm lime/sealer is added to the manually measured depths.  

 

 

Initial 
noise 

First bed 
reflection 

Second bed 
reflection 
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Figure 3.3: The first and last signal of the raw data of the ASED-sensor. The ASED-sensor is placed above a 

metal plate at a manually measured water depth of 0.340 m = 1230 (0.25 𝜇s). 

3.2.1.1 Water depths 

The ASED-sensor is tested at different depths measured above a metal plate at a manual 

depth of 0.115 m, 0.210 m, 0.284 m, 0.340 m, 0.395 m, 0.440 m, 0.497 m and 0.572 m (Table 

A.6.8).  

The speed of sound is 1475.3 m/s during the manual depth of 0.115 m (Figure 3.4). The 

bed should be visible at time step 
0.115 𝑚

1475.3
𝑚

𝑠
∗250 𝑛𝑠

∗ 2 − 613 = 11. Initial noise occurs at that 

time (Figure 3.4) and therefore the ASED-sensor is unable to detect the reflection of the 

signal by the bed. The second and the third reflection are easily detected at time step 700 

and time step 1250 (Figure 3.4).  

 

Figure 3.4: The ASED-sensor is placed above a metal plate at a manually measured water depth of 0.115 m = 

11 (0.25 𝜇s).  

The raw signal of the ASED-sensor at a water depth of 0.210 m and 0.284 m (depths              

≤ 0.30 m) changes over time like in Figure 3.2. The raw signal of the ASED-sensor at a 

Periodic 
noise 

Noise before 
bed 
reflection

First bed 
reflection

Second reflection 

Third reflection 

First reflection 
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water depth of 0.340 m, 0.395 m, 0.440 m, 0.497 m and 0.572 m (depths > 0.30 m) changes 

over time like in Figure 3.3. The shallow depths ≤ 0.30 m (Figure 3.2) have a narrower 

reflection of the signal by the bed and the intensity of the signal reflected by the bed is 100 

(1.15 𝜇V). The deeper depths > 0.30 m (Figure 3.3) have a wider reflection of the signal by 

the bed, have an intensity of the signal reflection by the bed of around 50 (1.15 𝜇V) and 

the last signal has a lower intensity peak compared to the first signal (Figure 3.3). The 

second reflection cannot be observed for water depths from 0.440 m, because the second 

reflection occurs after the registration time frame (after time 4000 (0.25 𝜇s); Table A.6.8). 

The intensity of the reflection of the signal by the bed is low at a manually measured depth 

of 0.497 m and 0.572 m (Table A.6.8). Therefore, the bed cannot be detected.  

3.2.1.2 Soil types 

The bed reflection of 1.0 fraction of sand has a lot of initial noise at a manually measured 

depth of 0.186 m. The reflection of the signal by the bed cannot be detected (Table A.6.9). 

Soil type 0.8 fraction of sand has no initial and periodic noise and the reflection of the 

signal by the bed is easily detected (Figure 3.5; Table A.6.9). The second reflection by the 

bed is visible around time step 1800 (0.25 𝜇s) (Figure 3.5). The reflection of the last signal 

by the bed is shifted to the right (deeper) compared to the first signal for 0.40 fraction of 

sand (0.179 m). At a depth around 0.20 m 0.65, 0.48 and 0.12 fraction of sand have a clear 

bed detection and no to a little initial noise (Table A.6.9).  

 

Figure 3.5: Soil type 0.8 fraction of sand at a manually measured depth of 0.188 m = 404 (0.25 𝜇𝑠). 

All soil types can detect the signal reflected by the bed at a manual measurement of around 

0.40 m (Table A.6.9). Soil types 1.0, 0.65 and 0.48 fraction of sand of noise before the 

reflection of the signal by the bed and therefore are detected shallower than the manual 

depth.  

The shape of the signal reflected by the bed changes for varying depths and having the 

same soil type. The shape of the signal reflected by the bed changes as well for the varying 

soil types at a constant depth. There is no consistency in the shape of the signal reflected 

by the bed for the soil types and the water depths. The deeper depths of around 0.40 m 

have a wider signal reflection by the bed compared to the shallower depths of around 0.20 

m.  

First 
reflection  

Second 
reflection 
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3.2.1.3 Dilutions 

The ASED-sensor is tested for five different dilutions of soil types at a manually measured 

depth around 0.20, 0.30 and 0.40 m (Table 3.1). Unfortunately, some soil types were no 

longer in stock and these measurements could not take place.  

Table 3.1: Manually measured water depths in metres of the soil type dilutions during the ASED-sensor 

measurement 

Fraction sand in the soil  0.80 0.65 0.48 0.40 0.12 

% of water in the soil 16.37 17.07 19.95 21.75  

 0.219 0.244 0.192 0.197  

 0.303 0.331 0.309 0.299  

% of water in the soil 26.11 18.12 20.00 20.26  

 0.212 0.197 0.179 0.205  

 0.307 0.305 0.295 0.287  

% of water in the soil 26.93 30.94 41.27 44.47 57.50 

 0.393 0.365 0.368 0.385 0.366 

% of water in the soil 45.47 43.86 52.45 52.42 63.13 

 0.384 0.36 0.361 0.374 0.358 

% of water in the soil  68.98  65.19 72.45 

  0.389  0.380 0.357 

% of water in the soil  90.37    

  0.427    

 

All dilutions of soil type 0.8 fraction of sand can detect a reflection of the signal by the bed, 

except dilution 26.11% (0.307 m; Table A.6.10). The reflection of the last signal has a lot 

of initial noise and is shifted to the right (deeper) for dilution 26.11% (0.307 m). The second 

reflection of the bed is well visible for dilutions 16.37% (0.219 m and 0.303 m) and 45.47% 

(0.384 m). The intensity of the second reflection for dilution 16.37% (0.303 m) is higher 

than the first reflection of the signal by the bed. But the intensity of the second reflection 

is for the last signal weaker than for the first signal. 

Dilutions 17.07% (0.244 m and 0.331 m), 18.12% (0.197 m and 0.305 m) and 30.94% (0.365 

m) of soil type 0.65 fraction of sand can be detected by the reflection of the signal by the 

bed (Table A.6.11). Dilution 43.86% has a lot of noise before the reflection of the signal by 

the bed and therefore the reflection of the signal by the bed cannot be detected. The first 

signal has a stronger intensity reflection of the signal by the bed for dilutions 43.86%, 

68.98% and 90.37% (Figure 3.6). The reflection of the signal by the bed of the last signal 

is shifted to the right compared to the first signal for dilution 68.98%. The reflection of the 

signal by the bed is detected later than the manual depth for dilution 90.37% (Figure 3.6). 

Dilutions 19.95% (0.192 m), 20.00% (0.179 m and 0.295 m) and 41.27% (0.368 m) of soil 

type 0.48 fraction of sand can detect a reflection of the signal by the bed (Table A.6.12). 

The periodic noise is weaker than the reflection of the signal by the bed for the first signal. 

But the periodic noise has a stronger intensity than the reflection of the signal by the bed 

for dilution 19.95% (0.309 m (Figure 3.7)). Therefore, the highest intensity peak will be 

detected earlier. The dilution of 52.45% has high intensities of periodic noise and therefore 

the reflection of the signal by the bed of is not easily detected. 
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Figure 3.6: Soil type 0.65 fraction of sand with 90.37% water in the soil at a manually measured depth of 0.427 

m = 1696 (0.25 𝜇𝑠). 

 

Figure 3.7: Soil type 0.48 fraction of sand with 19.95% water in the soil at a manually measured depth of 0.309 

m = 1068 (0.25 𝜇𝑠). 

Dilutions 20.26% (0.205 m), 21.75% (0.197 m and 0.299 m) of soil type 0.4 fraction of sand 

can detect a reflection of the signal by the bed (Table A.6.13). The reflection of the signal 

by the bed is weak for dilution 20.26% (0.287 m) and 44.47% (0.385 m), therefore the 

reflection of the signal by the bed is not easily detected (Table A.6.13). Dilution 44.47%, 

52.45% and 65.19% have high intensities of periodic noise and therefore it is not clearly 

visual which reflection of the signal is the bed reflection. 

Dilutions 57.5% (0.370 m), 63.13% (0.358 m) and 72.45% (0.357 m) of soil type 0.12 fraction 

of sand have initial and periodic noise and the reflection of the signal by the bed cannot be 

detected (Table A.6.14).  

There is no consistency in the shape of the signal reflected by the bed for the dilutions and 

the water depths.  



Page 28 of 90 

3.2.1.4 Waves and current forcing 

First, the ASED-sensor measured in waves forcing conditions. No initial and periodic noise 

occur before the reflection of the signal by the bed. The reflection of the signal by the bed 

is easily detected during waves. The length of the wave forcing experiment lasted for 62 

minutes.  

Thereafter, the ASED-sensor measured in current forcing conditions. The length of the 

current forcing experiment lasted for 880 minutes = 14.7 hours. The raw data of the ASED-

sensor has initial noise and low intensities of periodic noise. The reflection of the signal by 

the bed is easily detected. The intensity of the reflection of the signal by the bed is higher 

for the last signal than for the first signal. The shape of the signal reflected by the bed did 

not change significantly over time for the experiments during waves and current forcing.  

The practical measurement domain is from 0.20 m to 0.45 m, according to the raw data 

analysis of all lab experiments.   

3.2.2 Field experiments 

From 19th of October until 22nd of October 2018 the ASED-sensor was placed in the Eastern 

Scheldt (Figure 2.5). During that period, the ASED-sensor is five times inundated by the 

tide.  

Next, the ASED-sensor measured for 19 out of 23 days in the Western Scheldt (Figure 

2.5). Because the battery dropped below 8 V. The ASED-sensor was inundated 37 times 

during this period.  

3.2.2.1 Eastern Scheldt 

The raw data of all 5 inundations have been analysed. Starting with the first inundation, 

a little initial noise occurs (Figure 3.8). At the start of the first inundation, the shape of 

the reflection of the signal by the bed is different than for the middle and end of that first 

inundation. The reflection of the signal by the bed is split into 2 parts (Figure 3.8). The 

maximum intensity peak is higher in the second part of the first bed reflection for the start 

of the first inundation, this might influence the conversion of the raw data into bed levels. 

The middle and end of the first inundation have a higher maximum intensity peak in the 

first part of the first bed reflection (Figure 3.8). Therefore, the reflection of the signal by 

the bed can be detected at a deeper depth for the start of the first inundation than for the 

middle or end of the first inundation. At the end of the first inundation periodic noise 

occurs (Figure 3.8). The end of the first inundation has a higher intensity peak of the 

reflection of the signal by the bed than the start of the first inundation (Figure 3.8). The 

start of the reflection of the signal by the bed is clearly visual for the first inundation 

(Figure 3.8). 

The beginning of the reflection of the signal by the bed starts later for the second 

inundation compared to the first inundation, this could imply erosion. The shape of the 

reflection of the signal by the bed is like the middle and end of the first inundation. The 

intensity of the reflection of the signal by the bed is constant during the second inundation. 

The reflection of the signal by the bed is the same for the second, third and start of fourth 

inundation. But the shape of the signal changes from the third to the fourth inundation. 

The fourth inundation has several peak intensities like the start of the first inundation 

(Figure 3.8). The middle and end of the fourth inundation have noise before the reflection 

of the signal by the bed. Therefore, the bed will probably be detected shallower than the 

bed at the start of the fourth inundation. The shape of the reflection of the signal by the 
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bed is the same for the fourth and fifth inundation. The fifth inundation does not have 

noise before the reflection of the signal by the bed. The maximum intensity peak of the 

raw signal moves to the right (deeper) during the last two inundations. 

 

Figure 3.8: The start and end signal of the first inundation raw signal of the ASED-sensor in the Eastern 

Scheldt at a manually measured depth of 0.394 m = 1521 (0.25 𝜇𝑠). 

3.2.2.2 Western Scheldt 

Initial noise occurs for the first inundation (Figure 3.9). The start of the reflection of the 

signal by the bed is easily detected. The reflection of the signal by the bed changes in a 

three-week time scale. At the end, the reflection of the bed is still easily detected, but a 

second part of the signal reflected by the bed has a higher intensity for the start-middle of 

the first inundation (orange line; Figure 3.9), which happened as well during the Eastern 

Scheldt experiment (blue line; Figure 3.8). When the ASED-sensor is recently submerged, 

mostly the reflection of the bed has a high intensity (Figure 3.10) compared to the signal 

when it has been submerged for a while (Figure 3.9). As the ASED-sensor gets from a 

submerged to a non-submerged condition the last signal of the reflection of the bed is the 

same as when recently being submerged (Figure 3.10). A lot of noise occurs and the 

intensities of the entire signal increase during that moment. Therefore, it is better to leave 

the first and last signals out for the conversion of the raw data into bed levels. During the 

experiment, the reflection of the signal by the bed moves to the right (deeper). Therefore, 

erosion will be expected.  

First part 

of first bed 

reflection 

Second part 

of first bed 

reflection  
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Figure 3.9: The raw signal of start and middle start of the first inundation of the ASED-sensor in the Western 

Scheldt at a manually measured depth of 0.262 m = 823 (0.25 𝜇𝑠). (1632 vs 2168) 

 

Figure 3.10: A just submerged raw signal of the first inundation of the ASED-sensor in the Western Scheldt at 

a manually measured depth of 0.262 m = 823 (0.25 𝜇𝑠). 

3.3 Converting raw data to bed level data 

3.3.1 Lab bed level 

All lab experiments with a clear visible reflection of the signal by the bed are converted to 

bed level data. The reflections of the signals by the bed that could not be detected are not 

converted to bed level data.  

3.3.1.1 Water depths 

Each bed level is continuously measured for a period of about 15 minutes. The n-value 

increases over time for water depths 0.210 (Figure 3.11), 0.284 m and 0.440 m (Table 3.2). 

The n-value decreases over time for water depths 0.340 m and 0.395 m (Table 3.2).  
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Manual depth 0.210 m - the bed detected depth is at 0.225 and 0.226 m for the first 10.4 

minutes. Between 10.4 and 12.1 minutes, the bed detected depth is fluctuating between 

0.225 m and 0.229 m. From 12.1 to 14.05 minute the bed detected depth is constant at 

0.229 m and in the end, the bed detected depth fluctuates and ends at 0.225 m. Outliers 

occur between 0.225 and 0.229 m (Figure 3.11). The bed detected depth fluctuates during 

this measurement, while the bed is fixed.  

 

Figure 3.11: ASED-sensor measured above a metal plate at a manually measured water depth of 0.210 m. The 

n-value and the ASED-sensor measured depth in mm over the length of time of the experiment.  

Manual depth 0.284 - at the beginning the bed jumps between 0.285 m and 0.288 m and 

after 2.8 minutes the bed detected depth is constant at 0.286 m (Table 3.2).  

Manual depth 0.340 - at the beginning of the experiment, the reflected signal by the bed 

has a stronger intensity than the noise. After 45 seconds the noise has a stronger intensity 

than the reflected signal by the bed. Therefore, the bed cannot be detected with the default 

parameter settings and the parameter settings, need to be adjusted for searching the 

maximum intensity value from t=700 (0.25 𝜇s). Three depths are detected by the ASED-

sensor around 0.327 m, 0.330 m and 0.343 m (Table 3.2).  

Manual depth 0.395 m - again, three depths are detected by the ASED sensor at 0.385 

m, 0.386 m and 0.387 m (Table 3.2).  

Manual depth 0.440 m - the bed detected depth increased from 0.424 to 0.445 m for the 

first 9.4 minutes (Table 3.2). Thereafter the maximum intensity of the reflected bed was 

lower than the intensity of the noise at the beginning of the signal and therefore the 

parameter settings need to be adjusted for searching the maximum intensity value from 

t=500 (0.25 𝜇s).  
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Table 3.2: Bed detected depth above a metal plate at varying water depths.  

Manual depth in m 0.115 0.210 0.284 0.340 0.395 0.440 0.497 0.572 

Averaged ASED depth in m - 0.226 0.286 0.339 0.386 0.436 - - 

Difference manual - ASED 

depth in m 
- -0.016 -0.002 0.001 0.009 0.004 - - 

Minimum ASED depth in m - 0.225 0.285 0.323 0.382 0.423 - - 

Maximum ASED depth in m - 0.229 0.288 0.346 0.394 0.445 - - 

Standard deviation ASED 

depth in m 
- 0.0014 0.0005 0.0065 0.0011 0.0093 - - 

Averaged n-value  - 7.9 2.6 3.0 2.4 4.0 - - 

Minimum n-value  - 5.2 2.4 2.6 2.3 3.6 - - 

Maximum n-value - 9.9 3.0 4.2 3.0 4.6 - - 

Standard deviation n-value - 1.25 0.15 0.14 0.11 0.12 - - 

 

As the depth increases the n-value does not increase or decrease (Table 3.2). The n-value 

is independent of the ASED-sensor measured depth (Table 3.2). 

The obtained ASED-sensor versus manual depths are close to the 1:1 reference line, which 

shows a good agreement between ASED-sensor and the manual depths (Figure 3.12). 

Using the data from the two methods, a fitted regression line can be obtained (𝑅2=0.997). 

The slope of the fitted line is 1.10, that is a 10% deviation. Using the data from the two 

methods and a 1:1 reference line gives coefficients of determination 𝑅2=0.987. 

 

Figure 3.12: The water depths measured above a metal plate with the ASED-sensor and the manual 

measurement. 
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3.3.1.2 Soil types 

All soil types are analysed at a depth of 0.20 m, except for the 1.0 fraction of sand (Table 

3.3). The n-value is constant for 0.8 and 0.65 fraction of sand. The n-value increases for 

0.48, 0.4 and 0.12 fraction of sand (Table 3.3). The bed detected depths are constant for 

0.8 (at 0.193 m), 0.65 (at 0.189 m), 0.48 (at 0.188 m) and 0.4 (at 0.193 m) fraction of sand 

(Table 3.3). But for 0.65 fraction of sand, the bed detected depth suddenly decreases 3 mm 

for the last two minutes. The n-value decreases too at that moment. The same occurs for 

0.4 fraction of sand, except the bed detected depth suddenly increases 12 mm, the n-value 

became inconsistent at that moment. The bed detected depth is increasing during the 

measurement for 0.12 fraction of sand, but the bed fluctuates a lot. The first 3 minutes the 

bed detected depth fluctuates from 0.177 m to 0.191 m. Thereafter, the bed detected depth 

fluctuates from 0.193 m to 0.198 m until the end of the experiment. A few outliers occur 

around the bed detected depth. 

Table 3.3: The bed detected depth of all soil types at a depth around 0.20 m. 

Fraction of sand 1.0 0.8 0.65 0.48 0.4 0.12 

Manually measured depth in m 0.186 0.184 0.177 0.174 0.175 0.185 

Averaged ASED depth in m - 0.193 0.189 0.188 0.195 0.189 

Difference manual - ASED depth 

in m 
- -0.009 -0.012 -0.014 -0.020 -0.004 

Minimum ASED depth in m - 0.190 0.186 0.188 0.192 0.177 

Maximum ASED depth in m - 0.193 0.189 0.188 0.207 0.199 

Standard deviation ASED depth 

in m 
- 0.0004 0.0008 0.0000 0.0043 0.0074 

Averaged n-value  - 2.3 3.8 3.2 10.0 3.3 

Minimum n-value  - 2.2 3.4 2.7 6.7 2.8 

Maximum n-value - 2.4 4.2 3.7 11.8 4.1 

Standard deviation n-value - 0.03 0.16 0.23 0.97 0.33 

 

All soil types are analysed at a depth of 0.40 m. For all soil types, a minimal variation of 

the n-value occurs during the course of the experiment. The n-value is constant for 1.0 and 

0.8 fraction of sand. The n-value decreases for 0.65, 0.48 and 0.12 fraction of sand and the 

n-value increases for 0.4 fraction of sand (Table 3.4). The bed detected depths are constant 

for 1.0, 0.8, 0.65 and 0.4 fraction of sand (Table 3.4). As bed detected depth suddenly 

increases from 0.393 m to 0.401 m, the n-value increases too for 0.48 fraction of sand (Table 

3.4). For the first 40 seconds, the bed detected depth is 0.411 m thereafter the bed detected 

depth is constant at 0.414 m for 0.4 fraction of sand (Table 3.4). In the beginning, the bed 

detected depth is 0.408 m and after 2 minutes the bed detected depth increased to 0.410 

m for 0.12 fraction of sand (Table 3.4). A few outliers occur around the bed detected depth. 
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Table 3.4: The bed detected depth of all soil types at a depth around 0.40 m.  

Fraction of sand 1.0 0.8 0.65 0.48 0.4 0.12 

Manually measured depth in m 0.400 0.396 0.393 0.396 0.400 0.393 

Averaged ASED depth in m 0.404 0.407 0.392 0.396 0.414 0.409 

Difference manual - ASED depth 

in m 
-0.004 -0.011 0.001 0.000 -0.014 -0.016 

Minimum ASED depth in m 0.404 0.407 0.392 0.391 0.411 0.393 

Maximum ASED depth in m 0.405 0.408 0.394 0.403 0.414 0.411 

Standard deviation ASED depth 

in m 
0.0004 0.0003 0.0004 0.0040 0.0008 0.0028 

Averaged n-value  5.1 4.1 3.5 5.4 5.9 5.9 

Minimum n-value  4.8 4.0 3.3 4.7 5.4 5.1 

Maximum n-value 5.3 4.3 4.0 6.3 6.3 6.6 

Standard deviation n-value 0.09 0.07 0.17 0.45 0.23 0.29 

 

All soil types yield an n-value between 2.2 and 11.8 at a water depth of 0.20 m. And for a 

water depth of 0.40 m, the n-value varied between 3.3 and 6.6. The n-value did not 

correlate between soil type and there is no correlation between depth and n-value (Figure 

3.13).  

 

Figure 3.13: N-value versus the measured ASED-sensor depth in metres of all soil types at a depth of 0.20 and 

0.40 m.  

3.3.1.3 Dilutions 

Before the reflection of the signal by the bed periodic noise occurs for dilution 16.37% 

(0.219 m; Figure 3.14) of 0.8 fraction of sand. The periodic noise influences the Kalman 

filter line (red line; Figure 3.14). Therefore, the bed is detected at the manual depth t=577 

((0.25 𝜇𝑠) = 0.219 m) instead of at t=515 (=0.208 m), where the sudden increase in the 

amplitude of the reflection of the signal by the bed occurs.  The second strong reflection is 

600-time steps after the first strong reflection, which is approximately 10 cm. The bucket 

was filled with 10 cm of the soil dilution. Therefore, this second reflection could be the 

reflection of the signal by the bottom of the bucket instead of by the bed of the soil dilution.  
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Figure 3.14: The raw signal and the Kalman filter signal of 0.8 fraction of sand with a dilution of 16.37% at a 

manually measured depth of 0.219 m = 577 (0.25 𝜇s).  

For 0.8 fraction sand with a dilution of 16.37%, the reflection of the signal by the bed is 

detected shallower for the first signal compared to the last signal, due to noise before the 

first signal reflected by the bed. The bed detected depth increased from 0.219 m to 0.232 

m for 15.3 minutes (Table 3.5). During this measurement the parameter settings have 

been adjusted, instead of looking from the maximum intensity value 300-time steps back 

in time, it is 400-time steps back in time. Due to the maximum intensity reflection is 

shifted to the right (deeper).  

The same dilution of 16.37% (0.303 m), the bed detected depth is constant at 0.299 m 

(Table 3.5). The second reflection has a stronger intensity than the first reflection of the 

signal by the bed. During this measurement, the parameter settings have been adjusted, 

instead of searching for the maximum intensity peak from time step 400. The maximum 

intensity peak is searched from time step zero until time step 2000.  

A dilution of 26.11% (0.212 m) has a varying bed detected depth between 0.183 and 0.212 

m. Mostly, the bed detected depth is between 0.204 m and 0.208 m. The bed detected depth 

is around at 0.382 m for dilution 45.47% (Table 3.5).  

Table 3.5: The bed detected depth of soil type 0.8 fraction of sand with different dilutions at different depths.  

Dilution in % 16.37 16.37 26.11 26.93 45.47 

Manually measured depth in m 0.219 0.303 0.212 0.393 0.384 

Averaged ASED depth in m 0.227 0.300 0.201 0.398 0.382 

Difference manual - ASED depth 

in m 
-0.008 0.003 0.011 -0.005 0.002 

Minimum ASED depth in m 0.219 0.299 0.183 0.398 0.379 

Maximum ASED depth in m 0.232 0.300 0.212 0.398 0.384 

Standard deviation ASED depth 

in m 
0.0051 0.0004 0.0084 0.0000 0.0011 

Averaged n-value  6.3 3.5 2.7 5.9 5.2 

Minimum n-value  4.7 3.0 2.5 5.4 3.9 

Maximum n-value 7.6 4.7 2.9 6.7 6.1 

Standard deviation n-value 0.93 0.20 0.06 0.29 0.46 
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The bed detected depth decreases for dilutions 17.07% (0.244 m), increases for dilutions 

17.07% (0.330 m) and 18.12% (0.305 m) and is constant for dilutions 18.12% at 0.202 m 

(0.197 m) and 30.94% at 0.388 m of soil type 0.65 fraction of sand (Table 3.6).  

Dilution 17.07% (0.244 m) has a constant bed detected depth at 0.249 m for the first 6 

minutes, surrounded by a few outliers. Until the end, the bed detected depth fluctuates 

between 0.239 m and 0.248 m (Table 3.6). During this measurement, the parameter 

settings have been adjusted, instead of looking from the maximum intensity value 300-

time steps back in time, it is 400-time steps back in time. This because the second part of 

the reflection of the signal by the bed has a higher maximum intensity peak (as in Figure 

3.8).  

Table 3.6: The bed detected depth of soil type 0.65 fraction of sand with different dilutions at different depths.  

Dilution in % 17.07 17.07 18.12 18.12 30.94 

Manually measured depth in m 0.244 0.330 0.197 0.305 0.365 

Averaged ASED depth in m 0.246 0.332 0.202 0.309 0.388 

Difference manual - ASED depth 

in m 
-0.002 -0.002 -0.005 -0.004 -0.023 

Minimum ASED depth in m 0.239 0.331 0.200 0.309 0.387 

Maximum ASED depth in m 0.250 0.336 0.202 0.310 0.388 

Standard deviation ASED depth 

in m 
0.0033 0.0011 0.0006 0.0004 0.0002 

Averaged n-value  3.3 5.1 2.5 2.4 5.1 

Minimum n-value  3.1 3.7 2.3 2.3 4.4 

Maximum n-value 8.8 5.8 2.6 2.6 5.7 

Standard deviation n-value 0.39 0.43 0.05 0.05 0.28 

 

The bed detected depth decreases for 19.95% and 20.00% (0.179 m) and is constant for 

20.00% (0.295 m) and 41.27% of soil type 0.48 fraction of sand (Table 3.7).  

During the first 11 minutes, the bed detected depth is at 0.200 m and thereafter at 0.198 

m, with a lot of outliers ranging from 0.190 m to 0.202 m for dilution 19.95% (Table 3.7). 

Dilution 20.00% (0.179 m) has a bed detected depth at 0.184 m for the first 2 minutes. 

Thereafter the bed decreases until a bed detected depth of 0.163 m (Table 3.7). When little 

initial and periodic noise occurs for the first and last signal. The first signal has a higher 

starting intensity for the Kalman filter line and the last signal a lower starting intensity 

for the Kalman filter line. Therefore, the last signal has an increasing Kalman filter line 

before the signal reflected by the bed. And the bed detected depth will be detected 300-

time steps backwards from the maximum intensity peak. After two minutes, the bed 

cannot be detected for this dilution and depth by this method.  
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Table 3.7: The bed detected depth of soil type 0.48 fraction of sand with different dilutions at different depths.  

Dilution in % 19.95 20.00 20.00 41.27 

Manually measured depth in m 0.192 0.179 0.295 0.368 

Averaged ASED depth in m 0.199 0.171 0.297 0.399 

Difference manual - ASED depth 

in m 
-0.007 0.008 -0.002 -0.031 

Minimum ASED depth in m 0.190 0.163 0.297 0.399 

Maximum ASED depth in m 0.202 0.187 0.298 0.400 

Standard deviation ASED depth 

in m 
0.0020 0.0073 0.0003 0.0000 

Averaged n-value  3.1 2.7 5.7 6.0 

Minimum n-value  2.6 2.3 5.1 5.4 

Maximum n-value 4.3 4.1 6.6 6.4 

Standard deviation n-value 0.25 0.34 0.25 0.19 

 

The bed detected depth is constant for all dilutions of soil type 0.4 fraction of sand (Table 

3.8). For dilution 20.26%, the maximum intensity value will be found from time step 500, 

instead of the default value time step 400. A lot of initial noise occurred, and the intensity 

of the signal reflected by the bed decreased over the measurement. Dilution 21.75% has a 

bed detected depth at 0.190 m, 0.191 m and 0.192 m, a few outliers occur around the bed 

detected depths. During dilution 21.75% (0.299 m) the parameter settings have been 

adjusted, instead of looking from the maximum value 300-time steps back in time it is 500-

time steps back in time. This because the second part of the reflection of the signal by the 

bed has a higher maximum intensity peak (as in Figure 3.8).  

Table 3.8: The bed detected depth of soil type 0.4 fraction of sand with different dilutions at different depths. 

Dilution in % 20.26 21.75 21.75 

Manually measured depth in m 0.205 0.197 0.299 

Averaged ASED depth in m 0.217 0.191 0.304 

Difference manual - ASED depth 

in m 
-0.012 0.006 -0.005 

Minimum ASED depth in m 0.216 0.187 0.304 

Maximum ASED depth in m 0.217 0.192 0.305 

Standard deviation ASED depth 

in m 
0.0005 0.0012 0.0003 

Averaged n-value  9.9 2.5 9.7 

Minimum n-value  9.4 2.4 7.0 

Maximum n-value 10.5 2.8 10.4 

Standard deviation n-value 0.18 0.07 0.42 

 

3.3.1.4 Waves and current forcing 

At the beginning of the wave forcing experiment the bed detected depth starts at 0.195 m, 

the bed detected depth decreases to 0.191 m (Figure 3.15). Close to the end of the 

experiment, the ASED-sensor is manually vibrated to simulate waves breaking at the 

ASED-sensor (Figure 3.15). At that moment the bed detected depth decreases from 0.191 

m to 0.188 m (Table 3.9). The n-value increases from 2.4 to 6.98 at that moment.  
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For the current forcing experiment, the last 5 minutes of the experiment the n-value 

suddenly increases, and the bed detected depth has more outliers during that moment. 

This is during the increasement of the current forcing; therefore, the ASED-sensor could 

vibrate a bit. The bed detected depth fluctuates between 0.229 m and 0.234 m (Table 3.9), 

with outliers at shallower depths.  

Table 3.9: Bed detected depth during current and wave forcing. 

 
Wave forcing Current forcing 

Manually measured depth in m 0.187 0.228 

Averaged ASED depth in m 0.193 0.232 

Difference manual - ASED depth 

in m 
-0.006 -0.004 

Minimum ASED depth in m 0.188 0.215 

Maximum ASED depth in m 0.195 0.235 

Standard deviation ASED depth 

in m 
0.0015 0.0017 

Averaged n-value  2.4 2.4 

Minimum n-value  2.3 2.3 

Maximum n-value 6.7 7.0 

Standard deviation n-value 0.32 0.15 

 

 

Figure 3.15: ASED-sensor measured during wave forcing at a manually measured water depth of 0.187 m. The 

n-value and the ASED-sensor measured depth in mm over the length of time of the experiment. 

3.3.2 Field bed level 

As the field experiments encounter inundations, the parameters will need to be reset. The 

maximum intensity will be found 1000 ≤ time step ≤ 3000, instead of the default setting 

400 ≤ time step ≤ 2000. The sudden increase in amplitude will be searched for starting 

400-time steps backwards from the maximum intensity, instead of 300-time steps 

backwards. The maximum intensity will be found 900 ≤ time step ≤ 1500 for the Western 

Scheldt experiment. The sudden increase in amplitude will be searched for starting 400-

time steps backwards from the maximum intensity. The remaining parameters are the 
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same as the default setting. The bed level will not change hourly and therefore a median 

filter is used hourly. The outliers will be removed by the hourly median filter (Figure 3.16 

and Figure 3.18).   

3.3.2.1 Eastern Scheldt 

The bed levels are stable during the first 3 inundations. The last 2 inundations have a lot 

of outliers and detect the depth deeper compared to the first 3 inundations (Figure 3.16 

and Figure 3.17). This was as well observed during the raw data analysis. The first-hour 

median bed level is the null bed level and erosion and sedimentation can be observed 

(Figure 3.17). The detected erosion of the tape measure was 3 mm and by the ASED-sensor 

5 mm (Figure 3.17). The tape measure has an accuracy of 3 mm.  

The results of all inundations of the bed detected depths can be found in Appendix A.8.1.  

 

Figure 3.16: The ASED-sensor converted depth during the Eastern Scheldt experiment. 

 

Figure 3.17: The negative values clarify erosion and the positive values indicate sedimentation during the 

Eastern Scheldt experiment.  
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3.3.2.2 Western Scheldt 

The bed detected depth is not as stable as during the lab experiments (Figure 3.18). The 

bed level gets deeper during the experiment (Figure 3.18 and Figure 3.20). The raw data 

of the Western Scheldt experiment already showed that the shape of the signal reflected 

by the bed changes over times. The sudden increase in amplitude is shifted to the right 

(deeper) during the experiment.  

 

Figure 3.18: The ASED-sensor converted depth during the Western Scheldt experiment. 

 

Figure 3.19: The water levels are retrieved from Rijkswaterstaat website at location Hansweert. The ASED-

sensor is placed at the Kapellebank (Western Scheldt experiment).  

The water levels are obtained from Hansweert (Figure 3.19). The 31st of October is neap 

tide, 7th of November spring tide, 15th of November neap tide and 23rd of November spring 

tide (Figure 3.20). During spring tide erosion occurs (Figure 3.20). The average erosion is 

9 mm measured by the erosion pins and 20 mm measured by the ASED-sensor (Figure 

3.20).  

The results of all inundations of the bed detected depths can be found in Appendix A.8.2.  
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Figure 3.20: The negative values clarify erosion and the positive values indicate sedimentation during the 

Eastern Scheldt experiment. The black line is the trendline of the erosion/sedimentation.  

3.3.3 Summary of the experiments converted to bed levels 

The obtained ASED-sensor versus manual depths are close to the 1:1 reference line, which 

shows a good agreement between ASED-sensor and the manual depths (Figure 3.21). 

Using the data from the two methods, a fitted regression line can be obtained (𝑅2=0.993). 

The slope of the fitted line (1.01) is close to 1. Using the data from the two methods and a 

1:1 reference line gives coefficients of determination 𝑅2=0.991. All lab experiments fit in 

the 95% prediction bands, which further confirms the consistency between the two 

measurements. Dilution 41.27% of soil type 0.48 fraction of sand measures the bed 

detected depth 0.031 m deeper than the manual measurement and dilution 30.94% of soil 

type 0.65 fraction of sand measures the bed detected depth 0.023 m deeper than the 

manual measurement. This indicates the dilution is too difficult to measure accurately. 

These dilutions will not be used for the fitted linear line and the 95% prediction bands. 

These dilutions are as well outside the 95% prediction bands (Figure 3.21). 

For the water depth experiment, the shallower depths were detected deeper than the 

manual measurement and the deeper depths were detected shallower than the manual 

measurement during the water experiments above the metal plate (green plusses; Figure 

3.21). Almost all bed detected depths were deeper than the manual measurement during 

the soil type experiments (pink plusses; Figure 3.21). The dilution bed detected depths are 

near the 1:1 reference line and the fitted linear line and are close to the manual 

measurement (black plusses; Figure 3.21). The bed detected depth is deeper than the 

manual measurement during the waves and current forcing experiments.  

The bed detected depths were equal to the reference measurement during all inundation 

of the Eastern Scheldt experiment. The bed detected depths were deeper than the 

reference measurement during all inundations of the Western Scheldt experiment.  
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Figure 3.21: Comparison of ASED-sensor and manual measurements for all lab experiment. 

3.4 The accuracy of the ASED-sensor 

3.4.1 Theoretical 

The maximum achievable resolution can be determined by the sample rate of 4 MHz which 

gives an absolute boundary during optimal conditions of 
1500

𝑚

𝑠

2∗4𝑀𝐻𝑧
≈ 0.19 𝑚𝑚. Another 

method is the acoustic wavelength divided by 2 which gives a more realistic boundary of 

1500
𝑚

𝑠

2∗300.0𝑘𝐻𝑧
= 2.5 𝑚𝑚. Thus, the resolution of the ASED-sensor will be in realistic and 

optimal conditions 2.5 mm according to the specifications of the transducers.   

3.4.2 Actual 

The accuracy of the whole system, the ASED-sensor and the script, can be measured with 

standard deviations created by averaging the bed levels over an enclosed measuring 

period. As the bed level is fixed during the lab experiments. During the water depth 

experiments the ASED-sensor measured above a metal plate which gave a strong bed 

reflection and an average accuracy of is 4 mm. All remained lab experiments had an 

average accuracy of 2 mm. The average accuracy of all lab experiments is 2 mm. The actual 

accuracy ranges between 2 mm and 4 mm, depending on the bed type.  
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4 Discussion 

4.1 Measuring with the ASED-sensor 

4.1.1 Speed of sound 

The main concern for acoustic measurement instruments is the behaviour of sound in 

water. Once the transducer transmits the acoustic energy into the water, many factors 

influence that energy’s velocity and coherence (Lurton, 2010; R2Sonic, 2014). The major 

influence is the velocity of sound in water. 

The velocity of sound in water varies both horizontally and vertically. It cannot be 

assumed that the velocity of sound in the water column remains constant throughout the 

day, even in a more local area. The main influences on sound velocity are salinity, 

temperature and depth (Table 4.1).  

Table 4.1: Influences of temperature, salinity and depth for the speed of sound in water (R2Sonic, 2014) 

Change in the influence of speed of sound in water Change in velocity (m/s) 

1℃ change in temperature 4,0 

1 part per thousand change in salinity 1,4 

100 m change in depth (10 atm in pressure) 1,7 

 

In these experiments, the depth did not change by 100 m (or pressure 10 atm) and 

therefore the speed of sound will not be affected by the depth (or pressure). The salinity is 

assumed constant during the conversion of the raw data into bed level data. The salinity 

is not constant in the Western Scheldt, it varies between 10 and 25 parts per thousand. 

Assuming the water temperature being 7 ℃, the pressure 1.1 bar and salinities 10 and 25 

parts per thousand, the speed of sound is calculated by the formula of UNESCO – Chen 

and Millero. The results are 1447.7 and 1453.9 m/s respectively (Table 4.2; Appendix 

A.6.4). The resulting calculated depth difference is 1 mm at a depth of 0.24 m (Table 4.2), 

which is 0.4%. This depth difference will increase linearly with depth.  

Table 4.2: Influence of salinity for the speed of sound in water and for the depth. 

 Water 

temperature (℃) 
Pressure (bars) 

Salinity (parts 

per thousand) 

Speed of sound 

(m/s) 
Depth (m) 

Test 1 7 1.1 10 1447.7 0.2376 

Test 2 7 1.1 25 1453.9 0.2386 

 

4.1.1.1 Temperature sensor 

The ASED-sensor has a temperature sensor. The temperature measured by the ASED-

sensor fluctuates (Figure 4.1). While the ASED-sensor is submerged the temperature is 

constant (Figure 4.1). The temperature sensor takes a few minutes to acclimatize. The 

temperature can increase due to power dissipation during a Wi-Fi connection. But 5 

minutes after the deployment starts, the Wi-Fi connection is switched off. This was set 

during the experiments. In non-submerged conditions, the ASED-sensor cools down or 

heats up (Figure 4.1). The sensor cools down when the wind blows over the water surface 

and the temperature sensor is wet. The heating up effect can be caused by solar radiation 

or the warm environment. As the ASED-sensor gets submerged, the temperature remains 

constant around 7.5 ℃ in the Eastern Scheldt and 6 ℃ in the Western Scheldt (Figure 4.1).  
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Figure 4.1: ASED-sensor measured at a manually measured water depth of 0.258 m in the Western Scheldt. 

The temperature versus the ASED-sensor measured depth in metres over the length of time of the experiment. 

4.1.1.2 Lime/sealer 604 Ruplo 

The speed of sound of the lime/sealer 604 of Ruplo is unknown. As the ASED-sensor 

measures the bed mostly deeper than the manual measurement, the lime/sealer probably 

delays the propagation. This is not relevant for the measurement of bed level changes by 

the ASED-sensor, as the delay is constant.  

4.1.2 Signal attenuation 

The decrease in intensity of the signal reflected by the bed during the measurement can 

be caused by spreading loss and by absorption (Lurton, 2010; R2Sonic, 2014). Spreading 

loss is due to the expanding area that the sound signal encompasses as it geometrically 

spreads outwards from the source. When the medium in which signal transmission occurs 

is unbounded, the spreading is spherical, for the wave flume and the field experiments. 

Whereas the medium in which signal transmission occurs is bounded, like in the water 

tank, the spreading is cylindrical. At shorter ranges, spreading loss plays a proportionally 

larger part compared to the absorption term (which has a linear relationship with range) 

(Burrowes et al., 2011). 

The absorption loss is a representation of the energy loss in the form of heat due to the 

viscous friction and ionic relaxation that occurs as the acoustic signal propagates outwards 

and this loss varies linearly with range (Burrowes et al., 2011). More specifically, the 

absorption of sound in seawater is caused by viscosity (shear and volume); the effect of 

viscosity is significant at frequencies above 100 kHz (Burrowes et al., 2011). There is also 

bottom absorption based on the sea floor terrain and composition (R2Sonic, 2014). Bottom 

absorption is dependent on the operating frequency of the sonar and the angle of incidence 

(R2Sonic, 2014). Bottom absorption will be greater for a higher frequency and large angle 

of incidence. It is intuitive that a mud bed will absorb more of the acoustic energy than a 

rock bed.  

The sea is not homogenous in nature. Everything from suspended dust particles to fish, 

from the sea surface to the bed will scatter, that is reradiated, the acoustic energy. All the 

effects of individual scattering can be termed as reverberation (Lurton, 2010). The effect 
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of reverberation is to lessen the acoustic energy, and this leads to transmission losses 

(R2Sonic, 2014). In the scattering process, there is also a degree of energy which is 

reflected, also called backscatter (R2Sonic, 2014). This can be a cause for noise in the 

acoustic data. 

The observed periodic noise, and the noise before the reflection of the signal by the bed 

can be caused by reflection by particles or inhomogeneities in the water column. 

Roughness on the seabed and heterogeneities in the sediment cause some energy in the 

acoustic wave to be scattered in different directions (R2Sonic, 2014). But during the 

experiments in the water tank, this can be caused as well by multiple signal reflections. 

The raw data of shallow depths give not only the first reflection of the signal by the bed, 

but also the second or even third reflection of the signal by the bed. The signal travels 

continuously in the water, from there periodic noise can arise.  

The initial noise can be caused by the vibration after sending the pulse into the water, by 

(micro) bubbles underneath the head of the ASED-sensor and due to reflections of the 

signals in the water tank. The researchers of NIOZ noticed that the ‘contact’ between the 

ASED-sensor head and the water was not always immediately good. Probably, at the 

beginning of the experiment (micro) bubbles occur at the ASED-sensor head and disappear 

slowly during the experiment. This problem can be solved by vibrating the ASED-sensor 

or by patience. This phenomenon can be identified by the relative high mV of the stop mV. 

The stop mV is the end voltage to the transducer at the end of the pulse train. The start 

and stop mV cannot be adjusted manually. As the stop mV is too high (towards the battery 

voltage), then the transducer of the ASED-sensor cannot optimize the amplitude of the 

acoustic signal for detecting the bed. The start and stop mV can be adjusted in one 

measurement. The start and stop mV influence the strength of the reflection.  

When the start and stop mV are changed during the experiment, the initial noise is lower 

for the first signal. But the intensity of the reflection of the first and last measurement of 

the experiment is the same (Figure 3.2). When the start and stop mV is similar during the 

experiment, the initial noise is the same for the first and last signal, but the intensity of 

the reflection of the last signal by the bed is lower (Figure 3.3). A small variation in the 

bed can have a big influence on the intensity of the reflection. 

4.2 Collecting raw data  
During lab experiments, the manual measurements can be less accurate at shallow 

depths. The water tank has a height of 84 cm, and the bucket with sediment is 

approximately 10 cm. It is difficult to go upside-down in the water tank to measure the 

distance accurately. The metal plate mounting on the tape measure helped a bit with the 

accuracy, but another method should be found to measure this more accurately. From here 

the ASED-sensor can be calibrated properly.  

The last signal of 0.4 fraction of sand at a manual depth of 0.175 m and the last signal of 

dilution 26.11% of 0.8 fraction of sand at a manual depth of 0.307 m are shifted to the right 

(deeper) compared to the first signal. The intensity of the first and last signal is equal for 

0.4 fraction of sand, but the intensity of the last signal decreases for dilution of 0.8 fraction 

of sand. The decrease in intensity of the last signal could be due to the soil which got in 

suspension.  

Before the soil is put in the bucket, the soil is mixed well, and the soil can get airy. 

Therefore, the soil can settle during the measurement. The soil was spread equally by a 
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plate during the lab experiment in the water tank. Another possibility is that the upper 

layer of the soil got in suspension at the beginning of the experiment and settled during 

the experiment. Possibly, the soil in suspension is reflected as bed instead of the upper 

layer of the soil in the bucket.  

At the time of the waves and current forcing experiments, also mussel experiments were 

going on in the wave flume. Therefore, no sediment could be added to the bed. The mussels 

were placed in a box with sand; therefore, a little sand was in suspension. The bed level of 

the sand was the same as the bed level of the wave flume. As the mussel experiment should 

not be interfered with, the ASED-sensor measured to the bed level of the wave flume, 

instead of to the bed level of the sand box. 

During field experiments, the raw signal of the ASED-sensor changes over time. This can 

be due to the SSC, the deformation of the bed or the sediment of the upper layer of the bed 

getting in suspension just above the bed.  

At the time of the field experiments, the ASED-sensor had a frame with two poles in the 

ground (Figure 2.15). This frame was not very stable. The ASED-sensor did not perform 

well during vibrating conditions. This might influence the bed detected depth. NIOZ 

already built a new frame with three poles in the ground instead of two (Figure 4.2). Both 

ASED-sensors with this three-pole mounting gave a stable bed detected depth during two 

inundations. These results look promising.  

 

Figure 4.2: New frame of the ASED-sensor with three poles in the bed.  

4.3 Converting raw data to bed level data 
The raw signal of the ASED-sensor changes over time, as does the Kalman filter line 

(Figure 4.3 and Figure 4.4). The sudden increase in amplitude is easily detected (Figure 

4.3 and Figure 4.4). The first bed detection starts from a water depth of 0.210 m. The bed 

detection of the first and the last signal is at a different depth. For the first signal, the bed 

detection is at time step 609 (=0.226 m) where this is for the last signal at time step 626 

(=0.229 m) (Figure 3.11 and Figure 4.4). This is a difference of 3 mm during a 
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measurement with a flat (metal plate) and fixed bottom. The initial and periodic noise 

already have a small influence during the lab experiments.  

 

Figure 4.3: Kalman filter line of the first and last signal. The ASED-sensor measured above metal plate at a 

manually measured water depth of 0.210 m converted to time 536-time steps.  

 

Figure 4.4: Zoomed in. Kalman filter line of the first and last signal. The ASED-sensor measured above metal 

plate at a manually measured water depth of 0.210 m converted to time 536-time steps. 

For the water depths experiments, the shallow depths (≤ 0.30 m) are detected shallower 

than the manual measurement above the metal plate. The deeper depths (> 0.30 m) are 

detected deeper compared to the manual measurement. But this only occurred during the 

water depth experiment. Probably, this was caused by the strong reflection of the signal 

by the metal plate and interference of the reflected signals.  

During the soil type and dilution experiments, the measured depth decreases over time 

(≈15 minutes). This can be explained by settling of suspension. Dilution 41.27% of 0.48 

fraction of sand had a bed detected depth of 0.399 m, whereas the manual measurement 
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was 0.368 m. This is a difference in depth of 0.031 m. The amount of soil dilution in the 

bucket has a height of 0.10 m. Probably, the ASED-sensor measured through the dilution 

and gets delayed by the dilution, due to scattering or a lower speed of sound in the dilution. 

First, the ASED-sensor sent 1 pulse and now 5 pulses. With 1 pulse the ASED-sensor could 

not measure through the SSC, but with 5 pulses the ASED-sensor can measure through a 

10 cm layer of suspended sediment.   

During the field experiments, the bed detected depth fluctuated a lot, this could be due to 

SSC, the deformation of the bed or the sediment of the upper layer of the bed getting in 

suspension just above the bed. The ASED-sensor is not continuously sending at the same 

frequency of 300 kHz, this can be obtained with the FFT-analysis.  

As the field measurements have multiple peaks in the signal reflected by the bed, the 

script should not only find the maximum peak but should also find the first peak within 

the signal reflected by the bed. The sudden increase in amplitude will be searched for 

starting 300-time steps backwards in time from the maximum peak. Therefore, the 

parameter setting does not need to be adjusted.  

During the Western Scheldt experiment, the difference between the ASED-sensor and the 

erosion pin measurements is likely caused by the fact that these two measurements did 

not measure the exact same spots. The erosion pins were located at 2 metres from the 

ASED-sensor. The distance between the erosion pins was 1 metre. The erosion pins were 

not spread around the ASED-sensor. Footsteps (Figure 2.10) were made by placing the 

ASED-sensor and the erosion pins. The footsteps were up to 30 cm deep; this influenced 

the local bed level dynamics. Hereby, the bed level dynamics can change per meter. Three 

weeks after the ASED-sensor was removed, the footsteps were still visible. The erosion 

pins measured for 4 more days compared to the ASED-sensor.  

4.4 Comparison with the SED-sensor 
The SED-sensor is a stand-alone device that measures the bed level using 194 light cells 

of 2 mm each. The SED-sensor is placed vertically in the ground and detects the boundary 

between light (air) and dark (soil). The SED-sensor monitors continuously during non-

submerged and diurnal conditions with a high vertical resolution (2mm) (Hu et al., 2015). 

The measure domain of the SED-sensor is 388 mm. The accuracy of the SED-sensor script 

can be measured with standard deviations created by averaging the bed levels over an 

enclosed measuring period. On average the accuracy for the bed level prediction is 4 mm 

(2 cells) (De Mey, 2016). The uncertainty increases as the scouring height is predicted, 

here standard deviation could increase up to 16 mm (8 cells) (De Mey, 2016).  

The ASED-sensor uses a pulsed acoustic signal of approximately 300 kHz to measure bed 

levels during submerged and nocturnal conditions. The ASED-sensor is placed with a 

frame above the bed (Figure 2.15). The ASED-sensor contains a high vertical resolution of 

2.5 mm, with a measure domain of 0.25 m, which is almost half of the measure domain of 

the SED-sensor. The accuracy of the ASED-sensor script can be measured with standard 

deviations created by averaging the bed levels over an enclosed measuring period, during 

the lab experiments. On average the accuracy for the bed level is between 2 mm and 4 

mm.  
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4.5 Further possibilities ASED-sensor 

4.5.1 Inclination angle 

In the Eastern Scheldt experiment, the inclination angle between the ASED-sensor and 

the vertical is negligible, causing a limited effect on the bed level measurement. However, 

the inclination angle can be larger in other situations. Especially in the environments with 

soft bed substance, like the Western Scheldt, the inclination angle may vary slightly 

during events with strong hydrodynamic forces (Hu et al., 2015). Including additional 

inclination angle measurements in order to record the sensor movement during extreme 

conditions and to correct the corresponding bed-level measurement is useful (Hu et al., 

2015). 

The ASED-sensor is equipped with an inclinometer and is recorded during all 

experiments. The inclinometer registers the angle of the ASED-sensor in an acceleration 

range from -1000 to 1000 which stand for -2G to 2G. The G stands for gravitational force. 

This is a measurement of the type of acceleration that causes a perception of weight. The 

inclination angle of the ASED-sensor can be calculated in Equation 2.   

𝜙 = cos−1

(

 
𝐴𝑍,𝑂𝑈𝑇

√𝐴𝑋,𝑂𝑈𝑇
2 + 𝐴𝑌,𝑂𝑈𝑇

2 + 𝐴𝑍,𝑂𝑈𝑇
2

)

  (2) 

Where A is the axis in X, Y and Z (Figure 4.5). 𝜙 ranges only from 0° to 180°. During the 

lab experiments, it can be checked whether the ASED-sensor detected the depth under an 

incident angle. During the field experiments, it can be checked whether waves affected the 

position of the ASED-sensor.  

 

Figure 4.5: Angles of the spherical coordinate system for calculating the inclination of the ASED-sensor (Fisher, 

2011).  
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4.6 Extra measurements 
The extra measurements which were done, were to measure fluid mud and SSC. The 

ASED-sensor was placed upside-down to measure through the fluid mud. The idea was to 

recognize the boundary of air and fluid mud. First, this test was done with seawater from 

the Eastern Scheldt, to see if the border air and water was easily detected. Thereafter, the 

dilutions of soil type 0.12 sand fraction were used. The dilutions were 33%, 47% and 67%. 

Unfortunately, due to lack of time, this measurement was not analysed.  

The reflection of the signal by the bed was undetectable for the SSC experiment (Appendix 

A.9). Therefore, this experiment was not further analysed.  

4.6.1 Extra validation measurements 

At most outside lab experiments the Echologger EU400 was used as an extra validation 

for the ASED-sensor (Appendix A.9). The echologger measures with a measurement 

frequency of 450 kHz and has a measurement interval of 3 seconds. The echologger is 

combined with the Trimble R8s Global Navigation Satellite System (GNSS) receiver. This 

GNSS receiver receives a Real Time Kinematic (RTK) correction signal. This will make 

the position accurate up to 1 cm horizontally and 3 cm vertically (Feng et al., 2008). The 

water tank was positioned outside because the Trimble receiver does not receive the GPS 

signal in buildings. The echologger does not collect data without a GPS receiver. The GPS 

data (3 cm) is less accurate than the Echologger data (1 mm). For the depth values, only 

the echologger data is used and the GPS data is left out for further potential research.   
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5 Conclusions 
 

The objective of this research was to assess the applicability of the ASED-sensor for 

measuring bed level changes in intertidal areas. This research objective was achieved by 

elaborating three different research questions, that are enumerated below.  

(1) What is the ASED-sensor? 

The ASED-sensor is a stand-alone device that measures the propagation time of an 

acoustic signal reflected by the bed. The reflection of the signal by the bed is detected by a 

sudden increase in amplitude. The signal has a frequency of approximately 300 kHz; the 

return signal is sampled at 4MHz.  

 (2) For what range of environmental conditions can the ASED-sensor detect a bed? 

The practical measurement domain for the ASED-sensor is from 0.20 m to 0.45 m, 

according to the raw data analysis of all lab experiments. The ASED-sensor can detect the 

bed for all evaluated soil types, but it cannot determine the soil type from the shape of the 

signal. With a 0.8 fraction of sand, the ASED-sensor can detect a reflection of the signal 

by the bed up to 45.47% dilution. Likewise, with a 0.48 fraction of sand, the ASED-sensor 

can detect a signal reflected by the bed up to 41.27% dilution. For the 0.65, 0.40 and 0.12 

fractions of sand, the signal reflected by the bed cannot be detected for dilutions higher 

than 40%. During the waves and current forcing, the bed was easily detected in the wave 

flume. And during the field experiments, the bed was easily detected as well. The shape 

of the signal reflected by the bed changed during the longer duration experiments. This 

can be due to the SSC, the deformation of the bed or the sediment of the upper layer of the 

bed getting in suspension just above the bed. 

(3) What converting method is suitable for detecting the bed using the raw data of the 

ASED-sensor? 

The lab and field experiments were set up to evaluate the capabilities of the newly 

developed ASED-sensor. An algorithm needed to be developed to detect the first strong 

refection in the raw data. Three methods have been analysed to convert the raw data of 

the ASED-sensor into bed levels, namely the FFT analysis, the envelope method and the 

Kalman filter. The computation time of the FFT analysis is short, but the frequency of the 

FFT analysis fluctuated a lot. The envelope method has a high computation time for 

calculating the envelopes of the raw data. The envelope method results fluctuate even 

more than the FFT analysis. Therefore, the FFT analysis and the envelope method are not 

suitable. Finally, the Kalman filter method is evaluated. The Kalman filter smoothes the 

raw data of the ASED-sensor and can detect the reflection of the signal by the bed at the 

sudden increase in amplitude.  

 

The newly developed script with the Kalman Filter shows promising results in the lab and 

field experiments, despite several uncertainties within the experiment itself. The 

coefficient of determination (𝑅2) between the depth values detected by the script and the 

manual measurements was 0.99 for the lab experiments. The standard deviation of the 

script is 2 mm, obtained from the lab experiments.  

The theoretical resolution is 2.5 mm according to the specifications of the transducer. The 

actual accuracy of the whole system, the ASED-sensor and the script, can be measured 

with standard deviations created by averaging the bed levels over an enclosed measuring 

period, during the lab experiments. The bed level is fixed during the lab experiments. The 

actual accuracy is 2 mm to 4 mm, obtained from the lab experiments. 
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6 Recommendations 
 

1. The ASED-sensor does not measure with a constant frequency of 300 kHz. Therefore, 

the depth can fluctuate in detecting the bed level. A constant measure frequency of 

300 kHz would be recommended during the experiments.  

 

2. A lot of initial and periodic noise occurred during the lab experiments in the water 

tank. Whereas, a little initial and periodic noise occurred during the wave flume and 

field experiments. Most likely, the signal is reflected multiple times in the water tank. 

Therefore, for further research a bigger water tank or acoustic damping at the bottom 

and on the sides of the water tank is required during lab experiments in a water tank.  

 

3. The script can be used to convert raw data of the ASED-sensor into bed level data. 

During the field experiments, the reflection of the signal by the bed had multiple 

peaks. First, the maximum peak was at the beginning of the bed reflection but over 

time the maximum peak shifted to the right (deeper). The sudden increase in 

amplitude will be searched starting from 300-time steps backwards in time to the 

maximum peak, this is the default parameter setting. Therefore, this parameter 

setting needs to be adjusted to a larger value. Another possibility is to find the 

multiple peaks of the signal reflected by the bed. Not the maximum peak should be 

used but the first peak of the signal reflected by the bed.  

 

4. During the experiments, the salinity was assumed to be constant. But the salinity 

varies in the Western Scheldt, due to tide, fresh water from the river and the season. 

Therefore, the salinity should be measured or retrieved from the Rijkswaterstaat 

website. This can already give a depth difference of 2 mm at a depth of 0.45 m.  

 

5. The erosion pins should be placed around the ASED-sensor set-up during field 

experiments, instead of at one location with 1 m between the erosion pins. Creating 

footsteps in the area around the set-up of the ASED-sensor was unavoidable. 

Therefore, the bed level dynamics can change locally.  

 

6. The ASED-sensor is applicable at a measurement domain from 0.20 m to 0.45 m. The 

ASED-sensor can measure a silty bed, as at the Kapellebank in the Western Scheldt. 

Therefore, the ASED-sensor is applicable at intertidal areas at the coasts, with a silty 

bed, as at the Kapellebank.  
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A Appendices 

A.1 ASED-sensor  

A.1.1 The transducer 
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A.1.2 AD converter 
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A.1.3 The sedsonar file 
Table A.6.1: Abbreviations with the description of the sedsonar file 

Sec Time: seconds since 1-Jan-2001. The difference with the common (epoch) year 1970 is 

978307200. 

Msec 0..999 measures in msec, which makes the start time more accurate. 

Temp Celsius * 100 

Pressure Pressure in bar * 10000, eenheid/resolutie is dus 0.1mbar 

Run_ns Total time in ns from broadcasting, waiting time and recording of all the reflected signals 

Rf_ns “rangefinder_ns”: number of nanoseconds between start measurement and the 1st bottom 

reflection. Follows from “mark”. After the software update, this value will also include the 

blanking distance.  

Ax ay az Acceleration, range -1000 to 1000 stands for -2G to +2G. Gives orientation of the sensor using 

the gravity. Kind of a motion sensor.  

Mx my mz Magnetic field, range -2048 to 2047 stands for -1.3 to +1.3 Gauss 

Dac0 0 to 4095, roughly a measure for energy in an acoustic signal. It is limited by the battery 

voltage.  

Battery Battery voltage in mV 

Startmv 

stopmv 

Start and end voltage from the management of the acoustic signal, the voltage from “dac0” 

with battery voltage as a limit.  

Deadtime Waiting time in 0.25𝜇s units between sending and receiving: 400 = 100𝜇s = 75mm (1500 m/s 

geluidssnelheid) 

Flags Needs to be zero 

Txadj Number of times that dac0/startmv (stopmv) are adjusted for an optimal amplitude per 

acoustic session. A high value is 7. This happens when for example a fish swims below the 

transducer.  

Mark 1 to 3999, index in 4000 audio samples where the firmware 1st reflection from the bottom 

detects, when zero it is unknown.  

Buf 4000 samples in range -128 to 127. Sample rate is 4M (=4000 samples (t1 to t3999)) so this 

digital shot covers 1ms in time.  

 

A.1.4 Running the parse.py script 

For analyses, the output files of the ASED-sensor need to be converted to a readable file. 

This is done using the script parse.py. The script parse.py creates 4 output files, namely: 

XXX-XXXA.params, XXX-XXXA.pressure, XXX-XXXA.sedsonar and XXX-XXXA.sync. 

The file settings are saved in the params file. The pressure values are subscribed in the 

pressure file. The sedsonar file contains all raw data measurements. The sync file 

synchronises the pressure values with the sedsonar values. The raw data of the ASED-

sensor will be used for finding a suitable method to analyse the performance of the ASED-

sensor. 

 

Figure A.6.1: Run the parse.py file in Windows PowerShell by the selected file of the ASED-sensor.  

 

Figure A.6.2: The output of running the parse.py script.
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A.2 Sediment distribution 

Table A.6.2: Sediment distribution ranging from sand fraction 1.00, 0.80, 0.65, 0.48, 0.40, 0.12 and 0.07.  

% 

sand 

in 

soil 

type 

Fract

ion 

Sand 

10% 

boundary 

(10% 

smaller 

then … 

µm) 

90% 

boundary 

(90% 

smaller 

then … 

µm) 

Modus 

grainsize 

in µm 

Median 

grainsize 

D50 from 

Malvern 

in µm 

Median 

grainsize 

D50 from 

Malvern 

in PHI 

Coarse 

sand % 

fraction 

PHI 0-1, 

500-1000 

µm 

Medium 

sand % 

fraction 

PHI 1-2, 

250-500 

µm in % 

Fine 

sand % 

fraction 

PHI 2-3, 

125-250 

µm in % 

Very 

Fine 

sand % 

fraction 

PHI 3-4, 

62.5-125 

µm 

Silt % 

< 63 

µm 

% water 

in 

sediment 

100.0 

1.00 

165.69 414.92 262.458 262.34 1.93 2.97 52.2 43.58 1.25 0 10.5 

100.0 168.15 421.27 266.082 266.18 1.91 3.37 53.35 42.21 1.07 0 10.9 

100.0 167.17 417.45 264.832 264.51 1.92 3.08 52.99 42.79 1.14 0 11.8 

78.3 

0.80 

11.94 397.92 256.073 221.5 2.17 2.67 38.15 35.39 2.06 21.72 22.2 

80.8 14.45 404.46 262.42 230.8 2.12 2.8 40.88 35.33 1.79 19.2 22.2 

81.0 13.42 373.39 246.679 220.62 2.18 1.37 37.83 39.93 1.87 18.99 22.1 

64.1 

0.65 

6.42 398.26 263.868 179.38 2.48 3.33 30.18 26.5 4.15 35.88 28.4 

64.9 6.78 401.63 266.776 185.48 2.43 3.37 31.28 26.57 3.68 35.14 28.6 

67.2 7 408.01 268.098 195.39 2.36 3.62 32.85 27.51 3.23 32.82 28.4 

49.5 

0.48 

4.82 361.96 263.714 59.62 4.07 2.24 22.06 19.81 5.44 50.52 36.1 

48.6 4.77 371.01 268.478 55.13 4.18 2.9 21.56 18.51 5.65 51.45 36.1 

46.4 4.46 363.74 267.942 46.12 4.44 2.65 20.56 17.82 5.47 53.57 36.5 

42.9 

0.40 

4.23 333.63 259.206 39.54 4.66 1.6 17.77 16.98 6.6 57.14 41.2 

36.9 4.59 327.98 273.248 31.55 4.99 1.92 15.65 13.12 6.32 63.09 41.0 

39.1 4.7 307.25 253.371 32.98 4.92 0.96 15.31 15.96 6.99 60.88 41.1 

13.2 

0.12 

2.98 75.71 20.811 16.97 5.88 1.1 0.87 2.55 8.8 86.84 52.8 

12.0 2.87 70.37 19.47 16.21 5.95 0.5 0.81 2.23 8.56 88.05 52.9 

10.1 2.77 63.51 15.369 14.47 6.11 0 0.27 1.91 8.09 89.86 53.0 

7.6 
0.07 

2.84 55.38 9.371 12.66 6.3 0 0.08 0.94 6.73 92.39 70.4 

5.7 2.8 50 9.366 12.05 6.37 0 0 0.25 5.57 94.3 70.4 
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A.3 Flume calibration  

 

Calibration of the current speeds in the flume. “Set Current Speed” referring to the speed 

setting on the flume; “Actual Speed” referring to the actual speed the setting induces; 

“Velocity” referring to the x-reading from the portable ADV. 
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A.4 SSC lab experiment 

A.4.1 Set-up SSC level 

The set-up for measuring the SSC level consists of an air compressor (Figure A.6.3.1) 

which sucks the air, a safety Erlenmeyer flask (Figure A.6.3.2) and an Erlenmeyer flask 

(Figure A.6.3.3) with a clip and a glass funnel (Figure A.6.3.4). All of them connected with 

rubber hoses; therefore, the air sucks the water in the Erlenmeyer flask. Between the glass 

funnel and the Erlenmeyer flask is a small piece of filter paper, which stops the sediment 

going into the Erlenmeyer flask. The filter paper is measured before and after the SSC 

experiments. The SSC can be calculated from the amount of sediment on the paper and 

the amount of water in the syringe which is put in the glass funnel.  

 

Figure A.6.3: Set-up for the SSC analysis 

A.4.2 SSC experiment 

The number of pulses is important for the propagation of the signal into the water. If there 

is a lot of SSC, a signal with one pulse will measure the SSC instead of the bed. While 

sending a signal with 5 pulses will measure the bed instead of the SSC. The soil type of 

80% sand was put in the bucket. This soil type had the best signal reflection and no noise 

occurred at the beginning of the signal. The distance from the soil to the ASED-sensor was 

39.6 cm. The SSC was first sieved with a sieve opening of 425 𝜇m and, thereafter sieved 

with a sieve opening of 125 𝜇m. From now on the very fine silt is called sludge. 

Before the sludge was put in the water tank, 3 water samples were taken. The water 

samples were taken by a 60 ml syringe. Each time some sludge was added to the tank, the 

water was well mixed with a mixer powered by an electrical drilling machine (Figure 2.14) 

and 3 new water samples were taken near the transducer head. The SSC in seawater from 

the Eastern Scheldt is 29.1 mg/l. The ASED-sensor with only one pulse could not measure 

the bottom after adding one tea spoon of sludge. Therefore, as the first test, one tea spoon 

of sludge was added. The SSC is then increased every 10 minutes until an SSC of 3743.2 

mg/l (Table A.6.3). The measurement of the SSC in the water tank is clarified in  

1 2 

3 

4 
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Table A.6.3: 80% sand with different SSC in the water tank at a water depth of 39.6 cm 

Information about the addition into the Eastern Scheldt water in the water 

tank 

SSC in mg/l 

Eastern Scheldt water 29.1 

One teaspoon sludge added 29.2 

One spoon sludge added 40.4 

One spoon sludge added 51.0 

Two spoons sludge added 64.7 

Water added to sludge 2.4 cm of 10 L mayonnaise bucket added 966.2 

The same mixture as water added to the sludge: 3 cm of 10 L mayonnaise bucket added 3743.2 

 

The experiment of the SSC could not find a reflection of the signal by the bed, because the 

reflection of the signal by the bed was too weak. The initial and periodic noise occurred 

during this measurement. The periodic noise did not have high-intensity peaks. Therefore, 

this experiment will not be further analysed. 
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A.5 Analysed methods  

A.5.1 Frequency analysis method 

 

Figure A.6.4: The FFT analysis. The manual depth is 0.284 m. The frequency with the highest amplitude is 325 kHz.  
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Table A.6.4: The FFT analysis by calculating the frequencies into depths 

 

A.5.1.1 Windowing 

Windowing reduces the amplitude of the samples at the beginning and end of the window, reducing leakage (Lyon, 2009). As the raw data 

has noise in the measurements a Hanning or Hamming window can be applied (Figure A.6.5). Those windows reduce negative side lobes 

and therefore slightly broaden the main lobe (Hartmann, 2008), but the main lobe is not contaminated by the sidelobes. The corner points 

are not considered by the Hanning window, where this is the case for the Hamming window. The high-signal and high-noise data at the 

low-frequency end of the spectra were removed by the Hanning window (Louis et al., 1992). Therefore, the Hanning window was chosen. 

 

Figure A.6.5: The Hanning and Hamming window applied over the signal for the FFT analysis 
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A.5.2 Envelope method 

 

Figure A.6.6: Creating the upper and lower envelope of the raw data.  This measurement was applied above a metal plate at a depth of 0.21 m.  
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Figure A.6.7: Creating the delta envelope by subtracting the lower minus the upper envelope. This measurement was applied above a metal plate at a depth of 0.21 m. 
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Figure A.6.8: Zoomed in. Creating the delta envelope by subtracting the lower minus the upper envelope. This measurement was applied above a metal plate at a depth of 

0.21 m. 
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A.5.3 Kalman filter method 

A.5.3.1 Absolute and square 

The raw data is squared, or the absolute is taken and the Kalman filter is applied (Figure 

A.6.9). The square Kalman filter has a higher intensity compared to the absolute Kalman 

filter (Figure A.6.9 and Figure A.6.10). Both methods gave the same result in bed 

detection. The square Kalman filter has a very high-intensity peak and for the 

convenience, the absolute Kalman filter will be used.  

 

Figure A.6.9: Plotting the raw data by taking the absolute or square of the raw signal and applying the Kalman 

filter. The soil type was 0.48 sand fraction. 

 

Figure A.6.10: Zoomed in. Plotting the raw data by taking the absolute or square of the raw signal and applying 

the Kalman filter. The soil type was 0.48 sand fraction. 
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A.5.4 Maximum value method 

Maximum value: NIOZ had a method to make a first assumption of the depth. This method found the maximum value of the intensity peak 

(Figure A.6.11), which was written in the firmware in language C. This method is easy to implement and is fast to calculate the bed 

detection. 

 

Figure A.6.11: The raw data (blue line) with a maximum value (purple dot) at time step 723. The manual depth (black line) is 0.21 m converted to time is 547-time steps of 

0.25 𝜇s 
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A.5.5 Moving average method 

A moving average of N=100 was chosen. Because a lower moving average value did not smooth the graph.  

 

Figure A.6.12: Taking the absolute of the raw data and applying a moving average of 100 to smooth the graph. The blue line is the raw data. The manual depth (black line) 

is 0.21 m converted to time is 547-time steps of 0.25 𝜇s 
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After the moving average value, the derivative was taken. The derivative gives an indication of the maximum and minimum values. As we 

are looking for the sudden increase in amplitude. First, the minimum value needs to be searched before the start of the maximum value. 

This was very difficult to analyse within Figure A.6.13, and therefore this method is not suitable.  

 

Figure A.6.13: Taking the derivative of the moving average (blue line). The manual depth (black line) is 0.21 m converted to time is 547 time steps of 0.25 𝜇s. 
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A.6 Formulas of the speed of sound 

A.6.1 The formula of Del Grosso 

𝑐(𝑆, 𝑇, 𝑃) =  𝐶000 + ∆𝐶𝑇 + ∆𝐶𝑆 + ∆𝐶𝑃 + ∆𝐶𝑆𝑇𝑃 

∆𝐶𝑇(𝑇) = 𝐶𝑇1𝑇 + 𝐶𝑇2𝑇
2 + 𝐶𝑇3𝑇

3 

∆𝐶𝑆(𝑆) = 𝐶𝑆1𝑆 + 𝐶𝑆2𝑆
2 

∆𝐶𝑃(𝑃) = 𝐶𝑃1𝑃 + 𝐶𝑃2𝑃
2 + 𝐶𝑃3𝑃

3 

∆𝐶𝑆𝑇𝑃(𝑆, 𝑇, 𝑃) = 𝐶𝑇𝑃𝑇𝑃 + 𝐶𝑇3𝑃𝑇
3𝑃 + 𝐶𝑇𝑃2𝑇𝑃

2 + 𝐶𝑇2𝑃2𝑇
2𝑃2 + 𝐶𝑇𝑃3𝑇𝑃

3 + 𝐶𝑆𝑇𝑆𝑇 + 𝐶𝑆𝑇2𝑆𝑇
2

+ 𝐶𝑆𝑇𝑃𝑆𝑇𝑃 + 𝐶𝑆2𝑇𝑃𝑆
2𝑇𝑃 + 𝐶𝑆2𝑃2𝑆

2𝑃2 

T = temperature in degrees Celsius 

S = salinity in Practical Salinity Units (PSU) 

P = pressure in kg/cm2 

 

The range of validity: temperature 0 to 30 ℃, salinity 30 to 40 parts per thousand, pressure 

0 to 1000 kg/cm2, where 100 kPa = 1.019716 kg/cm2.  

 

Coefficients Numerical values 

C000 1402.392  

CT1 0.5012285 ∗ 101  
CT2 −0.551184 ∗ 10−1  
CT3 0.221649 ∗ 10−3  

CS1 0.1329530 ∗ 101  

CS2 0.1288598 ∗ 10−3   
CP1 0.1560592  

CP2 0.2449993 ∗ 10−4  
CP3 −0.8833959 ∗ 10−8  
CST −0.1275936 ∗ 10−1  

CTP 0.6353509 ∗ 10−2  
CT2P2 0.2656174 ∗ 10−7  
CTP2 −0.1593895 ∗ 10−5  
CTP3 0.5222483 ∗ 10−9  
CT3P −0.4383615 ∗ 10−6  
CS2P2 −0.1616745 ∗ 10−8  
CST2 0.9688441 ∗ 10−4  
CS2TP 0.4857614 ∗ 10−5  
CSTP −0.3406824 ∗ 10−3  
C000 1402.392  

CT1 0.5012285 ∗ 101  

 

A.6.2 Formula of Coppens 

𝑐(𝐷, 𝑆, 𝑡) =  𝑐(0, 𝑆, 𝑡) + (16.23 +  0.253 ∗ 𝑡) ∗ 𝐷 + (0.213 − 0.1 ∗ 𝑡) ∗ 𝐷2  + [0.016 +  0.0002
∗ (𝑆 − 35)] ∗ (𝑆 −  35) ∗ 𝑡 ∗ 𝐷 

𝑐(0, 𝑆, 𝑡) =  1449.05 +  45.7 ∗ 𝑡 −  5.21 ∗ 𝑡2  +  0.23 ∗ 𝑡3  +  (1.333 −  0.126 ∗ 𝑡 +  0.009 ∗ 𝑡2)
∗ (𝑆 −  35) 

T = T/10 where T = temperature in degrees Celsius 

S = salinity in parts per thousand 

D = depth in metres 
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The range of validity: temperature 0 to 35℃, salinity 0 to 45 parts per thousands, depth 0 

to 4000m.  

A.6.3 Formula of Mackenzie 

𝑐(𝐷, 𝑆, 𝑇) =  1448.96 +  4.591 ∗ 𝑇 −  5.304 ∗  10−2 ∗ 𝑇2   +  2.374 ∗  10−4 ∗ 𝑇3  +  1.340 ∗ (𝑆
− 35) +  1.630 ∗  10−2 ∗ 𝐷 +  1.675 ∗  10−7 ∗ 𝐷2  −  1.025 ∗  10−2 ∗ 𝑇 ∗ (𝑆 
−  35)  −  7.139 ∗  10−13 ∗ 𝑇 ∗ 𝐷3 

 

T = temperature in degrees Celsius 

S = salinity in parts per thousand 

D = depth in metres 

 

The range of validity: temperature 2 to 30 ℃, salinity 25 to 40 parts per thousand and 

depth 0 to 8000m. 

 

A.6.4 The formula of UNESCO: Chen and Millero 

𝑐(𝑆, 𝑇, 𝑃) = 𝐶𝑊(𝑇, 𝑃) + 𝐴(𝑇, 𝑃)𝑆 + 𝐵(𝑇, 𝑃)𝑆
3
2⁄ + 𝐷(𝑇, 𝑃)𝑆2 

𝐶𝑊(𝑇, 𝑃) = 𝐶00 + 𝐶01𝑇 + 𝐶02𝑇
2 + 𝐶03𝑇

3 + 𝐶04𝑇
4 + 𝐶05𝑇

5

+ (𝐶10 + 𝐶11𝑇 + 𝐶12𝑇
2 + 𝐶13𝑇

3 + 𝐶14𝑇
4)𝑃

+ (𝐶20 + 𝐶21𝑇 + 𝐶22𝑇
2 + 𝐶23𝑇

3 + 𝐶24𝑇
4)𝑃2                       

+ (𝐶30 + 𝐶31𝑇 + 𝐶32𝑇
2)𝑃3 

𝐴(𝑇, 𝑃) = 𝐴00 + 𝐴01𝑇 + 𝐴02𝑇
2 + 𝐴03𝑇

3 + 𝐴04𝑇
4 + (𝐴10 + 𝐴11𝑇 + 𝐴12𝑇

2 + 𝐴13𝑇
3 + 𝐴14𝑇

4)𝑃

+ (𝐴20 + 𝐴21𝑇 + 𝐴22 𝑇
2 + 𝐴23𝑇

3)𝑃2 + (𝐴30 + 𝐴31𝑇 + 𝐴32𝑇
2)𝑃3 

𝐵(𝑇, 𝑃) = 𝐵00 + 𝐵01𝑇 + (𝐵10 + 𝐵11𝑇)𝑃 

𝐷(𝑇, 𝑃) = 𝐷00 + 𝐷10𝑃 

T = temperature in degrees of Celsius 

S = salinity in PSU (parts per thousand) 

P = pressure in bar 

 

The range of validity: temperature 0 to 40 ℃, salinity 0 to 40 parts per thousand, pressure 

0 to 1000 bar.  

Coefficients Numerical values Coefficients Numerical values 

𝐶00  1402.388 𝐴02  7.166 ∗ 10−5  
𝐶01  5.03830 𝐴03  2.008 ∗ 10−6  
C_02  −5.81090 ∗ 10−2  𝐴04  −3.21 ∗ 10−8  
𝐶03  3.3432 ∗ 10−4  𝐴10  9.4742 ∗ 10−5  
𝐶04  −1.47797 ∗ 10−6  𝐴11  −1.2583 ∗ 10−5  
𝐶05  3.1419 ∗ 10−9  𝐴12  −6.4928 ∗ 10−8  
𝐶10  0.153563 𝐴13  1.0515 ∗ 10−8  
𝐶11  6.8999 ∗ 10−4  𝐴14  −2.0142 ∗ 10−10  
𝐶12  −8.1829 ∗ 10−4  𝐴20  −3.9064 ∗ 10−7  
𝐶13  1.3632 ∗ 10−10  𝐴21  9.1061 ∗ 10−9  
𝐶14  −6.1260 ∗ 10−10  𝐴22  −1.6009 ∗ 10−10  
𝐶20  3.1260 ∗ 10−5  𝐴23  7.994 ∗ 10−12  
𝐶21  −1.7111 ∗ 10−6  𝐴30  1.100 ∗ 10−10  
𝐶22  2.5086 ∗ 10−8  𝐴31  6.651 ∗ 10−12  
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𝐶23  −2.5353 ∗ 10−10  𝐴32  −3.391 ∗ 10−13  
𝐶24  1.0415 ∗ 10−12  𝐵00  −1.922 ∗ 10−2    
𝐶30  −9.7729 ∗ 10−9  𝐵01  −4.42 ∗ 10−5  
𝐶31  3.8513 ∗ 10−10  𝐵10  7.3637 ∗ 10−5  
𝐶32  −2.3654 ∗ 10−12  𝐵11  1.7950 ∗ 10−7  
𝐴00  1.389 𝐷00  1.727^10−3  
𝐴01  −1.262 ∗ 10−2  𝐷10  −7.9836 ∗ 10−6  

 

A.6.5 Calculated speed of sounds 

The variables which are used for the calculation of the speed of sound are visible in Table 

A.6.5. 

Table A.6.5: Variables for calculating the speed of sound 

Variable 

name 

Value of 

variable Unit of variable 

D1 2.07 depth in m 

D2 2.75 depth in m 

S1 32.5 salinity in ppt 

S2 40 salinity in ppt 

T1 7.9 temperature in degrees Celsius 

T2 20 temperature in degrees Celsius 

t1 0.79 temperature in degrees Celsius / 1000 

t2 2 temperature in degrees Celsius / 1000 

d1 0.00207 depth in m / 1000 

d2 0.00275 depth in m / 1000 

p1 1.2454 pressure in bar 

p2 1.3151 pressure in bar 

 

Table A.6.6: Calculated speed of sounds from the variables of Table A.6.5 with the different speed of sound 

formulas 

Mackenzie 

Speed of 

sound in 

m/s Coppens 

Speed of 

sound in 

m/s 

Del 

Grosso 

Speed of 

sound in 

m/s UNESCO 

Speed of 

sound in 

m/s 

D1,S1,T1 1478.922 d1,S1,t1 1478.951 p1,S1,T1 1479.123 p1,S1,T1 1479.201 

D2,S2,T2 1527.183 d2,S2,t2 1527.081 p2,S2,T2 1527.307 p2,S2,T2 1527.303 

D2,S2,T1 1488.376 d2,S2,t1 1488.256 p2,S2,T1 1488.466 p2,S2,T1 1488.538 

D2,S1,T2 1518.671 d2,S1,t2 1518.703 p2,S1,T2 1518.887 p2,S1,T2 1518.903 

D1,S2,T2 1527.172 d1,S2,t2 1527.070 p1,S2,T2 1527.296 p1,S2,T2 1527.291 

D1,S1,T2 1518.659 d1,S1,t2 1518.692 p1,S1,T2 1518.875 p1,S1,T2 1518.892 

D1,S2,T1 1488.365 d1,S2,t1 1488.244 p1,S2,T1 1488.455 p1,S2,T1 1488.526 

D2,S1,T1 1478.933 d2,S1,t1 1478.962 p2,S1,T1 1479.134 p2,S1,T1 1479.213 

 

As can be seen in Table A.6.6 the speed of sound does not differ a little. A better insight 

will be given to calculate the different speed of sound formulas into depths. This is done 

in Table A.6.7, the first speed of sound of each formula is used to calculate the depth. The 

formula of Mackenzie differs the most compared to the depths by using the formula of 

Coppens, Del Grosso and UNESCO. Therefore, the Mackenzie formula will not be used. 
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Coppens differs 0.1 mm from the UNESCO and Del Grosso depth. The most common sound 

velocity profilers use the UNESCO-Chen and Millero formula as well. The UNESCO 

algorithm is the International Standard algorithm and therefore the formula of UNESCO 

will be used to calculate the speed of sound (NPL National Physical Laboratory, 2000).  

Table A.6.7: Calculating the distance using the first value of the speed of sound of the different speed of sound 

formulas  

Mackenzie in m Coppens in m Del Grosso in m UNESCO in m 

0.1686 0.1683 0.1684 0.1684 

0.4214 0.4208 0.4209 0.4209 

0.8429 0.8417 0.8418 0.8418 
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A.7 Extra results experiments 

A.7.1 Water depths  

Initial noise and no periodic noise occur before the reflection of the signal by the bed at a 

depth of 0.210 m. The first signal has noise before the reflection of the signal by the bed 

for water depths 0.115 m, 0.210 m, 0.340 m, 0.440 m, 0.497 m and 0.572 m (Figure 3.3, 

Table A.6.8). For all depths, the last signal has noise before the reflection of the signal by 

the bed. 

Table A.6.8: All water depths at a manually measured depth in metres. The reflection of the signal by the bed 

is analysed by the raw data of the ASED-sensor. 

Manual water depths in m  0.115 0.210 0.284 0.340 0.395 0.440 0.497 0.572 

No initial noise before reflection of 

the signal by the bed 
        

No periodic noise before the 

reflection of the signal by the bed 
  x      

First signal has noise before the 

reflection of the signal by the bed 
x x  x  x x x 

Last signal has noise before the 

reflection of the signal by the bed 
x x x x x x x x 

First signal has stronger intensity 

reflection of the signal by the bed 
   x x x x x 

Last signal has stronger intensity 

reflection of the signal by the bed 
        

The second reflection of the bed is 

good visible 
x x x x x    

From the reflection of the signal a 

bed can be detected 
 x x x x x   

Length of experiment in min 20.5 14.8 16.15 20.15 11.95 17.3 16.3 16.15 

 

A.7.2 Soil types 

For 0.65 fraction of sand, no initial noise occurs for a water depth around 0.20 m and 0.40 

m. All sand fractions have periodic noise at a water depth of 0.40 m (Figure A.6.14; Table 

A.6.9). The first signal has noise before the reflection of the signal by the bed for 0.65 and 

0.48 fraction of sand. The last signal has noise before the reflection of the signal by the 

bed for 0.12, 0.48, 0.65 and 0.80 fraction of sand (Figure A.6.14).  

Most soil types have a reflection intensity around 100 (1.15𝜇V), except the last signal of 

soil type 0.48 fraction of sand which is around 70 (1.15𝜇V). 

An extra measurement was done for 1.0 fraction of sand at a manually measured depth of 

0.319 m. The start of the reflection of the signal by the bed has a lot of periodic noise and 

therefore unable to detect the beginning of the reflection of the signal by the bed.  
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Figure A.6.14: Soil type 0.48 fraction of sand at a manually measured depth of 0.396 m = 1523 (0.25 𝜇𝑠).  

Table A.6.9: All soil types at a manually measured depth in metres. The reflection of the signal by the bed is 

analysed by the raw data of the ASED-sensor. 

Fraction of sand  1.0 0.80 0.65 0.48 0.40 0.12 

All measured depths in m 0.186 

0.400 

0.188 

0.394 

0.181 

0.393 

0.178 

0.396 

0.179 

0.400 

0.189 

0.393 

No initial noise before reflection of the 

signal by the bed 
 0.188 

0.181 

0.393 
   

No periodic noise before the reflection 

of the signal by the bed 
 0.188     

First signal has noise before the 

reflection of the signal by the bed 
0.186  0.393 

0.178 

0.396 
0.179  

Last signal has noise before the 

reflection of the signal by the bed 
0.186 0.394 0.393 

0.178 

0.396 
0.179 0.393 

First signal has stronger intensity 

reflection of the signal by the bed 
  0.181 0.396   

Last signal has stronger intensity 

reflection of the signal by the bed 
      

The second reflection of the bed is good 

visible 
 0.188 0.181    

From the reflection of the signal a bed 

can be detected 
0.400 

0.188 

0.394 

0.181 

0.393 

0.178 

0.396 

0.179 

0.400 

0.189 

0.393 

Length of experiment in min (around 

0.20 m) 
4.0 12.1 9.9 9.65 10.0 5.3 

Length of experiment in min (around 

0.40 m) 
7.4 4.65 5.4 7.4 4.6 4.85 

 

A.7.3 Dilutions 

0.8 fraction of sand does not have initial noise for dilution 16.37% (0.303 m; Table A.6.10). 

All dilutions have periodic noise (Table A.6.10). The intensity peak of the bed is stronger 

than the periodic noise.  

Most dilutions have a reflection intensity around 90 (1.15𝜇V), except the last signal of 

dilution 16.37% (0.303 m) which is around 70 (1.15𝜇V) and dilution 26.22% (0.307 m) 

which is below 50 (1.15𝜇V).  

Noise 
before the 
reflection 
of the bed 

Reflection 
of the bed 
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Table A.6.10: Soil type of 0.8 fraction of sand with dilutions at a manually measured depth. The raw data of 

the reflection of the signal by the bed of the dilutions are analysed. 

% of water in the soil  16.37 26.11 26.93 45.47 

All measured depths in m 0.219  

0.303 

0.212  

0.307 
0.393 0.384 

No initial noise before reflection of the 

signal by the bed 
0.303    

No periodic noise before the reflection 

of the signal by the bed 
    

First signal has noise before the 

reflection of the signal by the bed 

0.219  

0.303 

0.212  

0.307 
0.393  

Last signal has noise before the 

reflection of the signal by the bed 
  0.393  

First signal has stronger intensity 

reflection of the signal by the bed 
 0.307   

Last signal has stronger intensity 

reflection of the signal by the bed 
0.303  0.393 0.384 

The second reflection of the bed is good 

visible 

0.219  

0.303 
  0.384 

From the reflection of the signal a bed 

can be detected 

0.219  

0.303 
0.212 0.393 0.384 

Length of experiment in min  15.3 (0.219)  

14.4 (0.303) 

13.15 (0.212) 

13.9 (0.307) 
5.0 4.9 

 

For 0.65 fraction of sand, no initial and periodic noise occurs for dilution 18.12% (0.197 m 

and 0.305 m; Table A.6.11). The reflection of the signal by the bed is comparable to Figure 

3.5.  

The remaining dilutions have initial and periodic noise (Figure 3.6; Table A.6.11). The 

first signal has less initial noise compared to the last signal with a dilution of 17.07% 

(0.244 m), 56.14% (0.360 m), 68.98% (0.393 m) and 90.37% (0.427 m; Figure 3.6).  

Most dilutions have a reflection intensity around 90 (1.15𝜇V), except for the last signal of 

dilutions higher than 40%.  

Table A.6.11: Soil type of 0.65 fraction of sand with dilutions at a manually measured depth. The raw data of 

the reflection of the signal by the bed of the dilutions are analysed. 

% water in soil  17.07 18.12 30.94 43.86 68.98 90.37 

All measured depths in m 0.244  

0.331 

0.197  

0.305 

0.365 0.360 0.389 0.427 

No initial noise before reflection of the 

signal by the bed 

 0.197 

0.305 

    

No periodic noise before the reflection 

of the signal by the bed 

 0.197 

0.305 

    

First signal has noise before the 

reflection of the signal by the bed 

0.244  

0.331 

 0.365 0.360 0.389 0.427 

Last signal has noise before the 

reflection of the signal by the bed 

0.244  

0.331 

 0.365 0.360 0.389 0.427 

First signal has stronger intensity 

reflection of the signal by the bed 

   0.360 0.389 0.427 

Last signal has stronger intensity 

reflection of the signal by the bed 

      

The second reflection of the bed is good 

visible 

      

From the reflection of the signal a bed 

can be detected 

0.244  

0.331 

0.197  

0.305 

0.365    

Length of experiment in min 14.55 (0.244) 

17.1 (0.331) 

14.85 (0.197) 

14.3 (0.305) 

8.3 6.1 20.9 12.5 
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All dilutions of 0.48 fraction of sand have initial and periodic noise (Figure 3.7; Table 

A.6.12). The last signal contains more initial noise than the first signal for dilutions 

19.95% (0.309 m (Figure 3.7)), 41.27% and 52.45%.  

Most dilutions have a reflection intensity around 90 (1.15𝜇V), except the last signal of 

dilution 19.95% (0.309 m).  

Table A.6.12: Soil type of 0.48 fraction of sand with dilutions at a manually measured depth. The raw data of 

the reflection of the signal by the bed of the dilutions are analysed. 

% of water in the soil  19.95 20.00 41.27 52.45 

All measured depths in m 0.192  

0.309 

0.179  

0.295 

0.368 0.361 

No initial noise before reflection of the 

signal by the bed 

    

No periodic noise before the reflection 

of the signal by the bed 

    

First signal has noise before the 

reflection of the signal by the bed 

0.309  0.295 0.368 0.361 

Last signal has noise before the 

reflection of the signal by the bed 

 0.295 0.368 0.361 

First signal has stronger intensity 

reflection of the signal by the bed 

 0.295   

Last signal has stronger intensity 

reflection of the signal by the bed 

    

The second reflection of the bed is good 

visible 

    

From the reflection of the signal a bed 

can be detected 

0.192 0.179  

0.295 

0.368  

Length of experiment in min 17.0 (0.192) 

13.8 (0.309) 

13.8 (0.179) 

13.6 (0.295) 

10.1 11.2 

 

Dilution 21.75% (0.197 m) with 0.4 fraction of sand has no initial and no periodic noise 

(Table A.6.13). The first signal has a stronger intensity reflection of the signal by the bed 

for dilution 20.26% (0.205 m (Table A.6.13)).  

Most dilutions have a reflection intensity around 90 (1.15𝜇V), except the last signal of 

dilution 20.26% (0.205 m) which has an intensity of 40 (1.15𝜇V) and dilutions 20.26% 

(0.287 m) and 44.47% (0.385 m), which have an intensity of around 10 (1.15𝜇V).  

Table A.6.13: Soil type of 0.4 fraction of sand with dilutions at a manually measured depth. The raw data of 

the reflection of the signal by the bed of the dilutions are analysed. 

% of water in the soil  20.26 21.75 44.47 52.42 65.19 

All measured depths in m 0.205  

0.287 

0.197  

0.299 

0.385 0.374 0.380 

No initial noise before reflection of the 

signal by the bed 

 0.197    

No periodic noise before the reflection 

of the signal by the bed 

 0.197    

First signal has noise before the 

reflection of the signal by the bed 

0.205  

0.287 

0.299 0.385 0.374 0.380 

Last signal has noise before the 

reflection of the signal by the bed 

0.205  

0.287 

0.299 0.385 0.374 0.380 

First signal has stronger intensity 

reflection of the signal by the bed 

0.205      

Last signal has stronger intensity 

reflection of the signal by the bed 

     

The second reflection of the bed is good 

visible  
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From the reflection of the signal a bed 

can be detected 

0.205  0.197  

0.299 

   

Length of experiment in min 13.6 (0.205) 

15.6 (0.287) 

16.5 (0.197)  

13.8 (0.299) 

8.9 4.5 7.8 

 

All dilutions have a reflection intensity of around 90 (1.15𝜇V).  

Table A.6.14: Soil type of 0.12 fraction of sand with dilutions at a manually measured depth. The raw data of 

the reflection of the signal by the bed of the dilutions are analysed. 

% of water in the soil  57.50 63.13 72.45 

All measured depths in m 0.366 0.358 0.357 

No initial noise before reflection of the 

signal by the bed 

   

No periodic noise before the reflection 

of the signal by the bed 

   

First signal has noise before the 

reflection of the signal by the bed 

0.366 0.358 0.357 

Last signal has noise before the 

reflection of the signal by the bed 

0.366 0.358 0.357 

First signal has stronger intensity 

reflection of the signal by the bed 

   

Last signal has stronger intensity 

reflection of the signal by the bed 

   

The second reflection of the bed is good 

visible  

   

From the reflection of the signal a bed 

can be detected 

   

Length of experiment in min 6.8 4.6 6.5 
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A.8 Inundations of the field experiments 

A.8.1 Eastern Scheldt 

For the first inundation, the n-value fluctuates between 2.2 and 3.5 and the bed detected 

depth fluctuates between 0.382 m and 0.388 m. With a constant bed detected depth of 

0.382 m in the middle of the first inundation. The second inundation has a fluctuating n-

value between 2.2 and 2.6, and a bed detected depth between 0.376 m and 0.388 m. After 

three hours of inundation, the bed detected depth is constant at 0.384 m until, in the last 

half hour, it increases to 0.387 m. The third inundation has a constant n-value of 2.2 and 

bed detected depth. The bed detected depth is 0.385 m for the first hour and the last 1.5 

hour, in between the bed detected depth is 0.384 m. The fourth inundation has a 

fluctuating n-value between 2.2 and 10.5. The bed detected depth fluctuates around 0.389 

m. The last inundation has for the first 5.5 hours a constant n-value of 2.2 and the last 2.5 

hour a fluctuating n-value to 11.2. The bed detected depth is more constant during the 

first 5.5 hours at a depth around 0.389 m, thereafter the bed detected depth fluctuates a 

lot between 0.360 m and 0.420 m (Table A.6.15). The fluctuating can be caused by SSC.  

Table A.6.15: Inundations during the Eastern Scheldt experiment 

Inundation 1 2 3 4 5 

Manually measured depth in m 0.387 0.387 0.387 0.387 0.387 

Averaged ASED depth in m 0.383 0.384 0.384 0.389 0.389 

Difference manual - ASED depth 

in m 
0.004 0.003 0.003 -0.002 -0.002 

Minimum ASED depth in m 0.366 0.367 0.384 0.361 0.355 

Maximum ASED depth in m 0.388 0.391 0.385 0.438 0.421 

Standard deviation ASED depth 

in m 
0.0035 0.0038 0.0005 0.0107 0.0088 

Averaged n-value  2.4 2.4 2.2 5.1 3.8 

Minimum n-value  2.2 2.2 2.2 2.2 2.2 

Maximum n-value 3.5 6.5 2.3 19.7 17.1 

Standard deviation n-value 0.25 0.58 0.03 3.14 3.00 

Length of inundation in time 

(HH:MM) 
07:50 07:50 06:40 07:35 08:10 

 

A.8.2 The Western Scheldt 

The bed detected depth fluctuates more and therefore the standard deviation is higher. 

The average standard deviation was 0.0148 m (Table A.6.16) during the 3-week 

experiment. This is due to the shape change of the signal reflected by the bed over time. 

At the beginning of the inundation, the first part of the maximum intensity peak is the 

signal reflected by the bed (Figure 3.9). Later during the inundation, the second part or 

even the third part of the maximum intensity peak has the highest intensity of the signal 

reflected by the bed (Figure 3.9). Therefore, three different depths will be converted. This 

occurs for inundations 9 to 16, 31 to 37 which have multiple bed detected depths, around 

0.27 m, 0.31 m and 0.35 m. The n-value increases to more than 15, during this period.
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Table A.6.16: Inundations during the Western Scheldt experiment 

Inundation All 1 2 3 4 5 6 7 8 9 10 

Manually measured depth in m 0.262 0.262 0.262 0.262 0.262 0.262 0.262 0.262 0.262 0.262 0.262 

Averaged ASED depth in m 0.285 0.270 0.270 0.269 0.272 0.270 0.269 0.270 0.269 0.276 0.277 

Difference manual - ASED depth 

in m 
-0.023 -0.008 -0.008 -0.007 -0.010 -0.008 -0.007 -0.008 -0.007 -0.014 -0.015 

Minimum ASED depth in m 0.239 0.246 0.239 0.250 0.245 0.265 0.243 0.255 0.244 0.243 0.251 

Maximum ASED depth in m 0.568 0.286 0.275 0.282 0.281 0.273 0.272 0.274 0.346 0.348 0.348 

Standard deviation ASED depth 

in m 
0.0151 0.0042 0.0033 0.0024 0.0031 0.0011 0.0022 0.0018 0.0047 0.0153 0.0106 

Averaged n-value  4.5 2.9 2.3 2.3 2.3 2.3 2.3 2.3 2.3 3.7 5.2 

Minimum n-value  2.2 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3 

Maximum n-value 19.9 16.3 3.8 6.7 3.0 5.0 5.6 3.5 15.0 19.7 19.7 

Standard deviation n-value 4.20 1.61 0.10 0.32 0.08 0.22 0.20 0.08 0.64 4.42 5.11 

Length of inundation in time 

(HH:MM) 
454:06 07:05 06:57 06:43 05:19 05:56 05:52 06:27 06:34 06:08 05:56 

 

Inundation 11 12 13 14 15 16 17 18 19 20 21 

Manually measured depth in m 0.262 0.262 0.262 0.262 0.262 0.262 0.262 0.262 0.262 0.262 0.262 

Averaged ASED depth in m 0.291 0.275 0.284 0.298 0.288 0.285 0.293 0.288 0.287 0.291 0.294 

Difference manual - ASED depth 

in m 
-0.029 -0.013 -0.022 -0.036 -0.026 -0.023 -0.031 -0.026 -0.025 -0.029 -0.032 

Minimum ASED depth in m 0.255 0.249 0.243 0.260 0.262 0.253 0.251 0.261 0.260 0.266 0.275 

Maximum ASED depth in m 0.349 0.347 0.350 0.350 0.350 0.301 0.353 0.298 0.324 0.309 0.305 

Standard deviation ASED depth 

in m 
0.0306 0.0116 0.0206 0.0182 0.0162 0.0062 0.0201 0.0047 0.0071 0.0067 0.0039 

Averaged n-value  8.0 3.9 5.4 9.5 6.0 4.4 6.7 2.7 4.3 4.9 5.4 

Minimum n-value  2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3 

Maximum n-value 19.8 19.7 19.8 19.9 19.8 16.0 19.6 16.2 15.5 18.0 12.3 

Standard deviation n-value 7.32 3.73 5.91 6.39 6.43 4.62 5.65 1.59 3.45 3.04 2.50 

Length of inundation in time 

(HH:MM) 
06:05 05:53 06:08 06:05 05:54 05:48 05:43 06:02 06:40 06:37 06:11 
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Inundation 22 23 24 25 26 27 28 29 30 31 32 

Manually measured depth in m 0.262 0.262 0.262 0.262 0.262 0.262 0.262 0.262 0.262 0.262 0.262 

Averaged ASED depth in m 0.293 0.288 0.289 0.292 0.290 0.292 0.291 0.290 0.293 0.288 0.293 

Difference manual - ASED depth 

in m 
-0.031 -0.026 -0.027 -0.030 -0.028 -0.030 -0.029 -0.028 -0.031 -0.026 -0.031 

Minimum ASED depth in m 0.284 0.273 0.274 0.277 0.266 0.271 0.279 0.260 0.267 0.266 0.253 

Maximum ASED depth in m 0.300 0.298 0.361 0.304 0.301 0.306 0.356 0.302 0.311 0.342 0.362 

Standard deviation ASED depth 

in m 
0.0040 0.0050 0.0074 0.0056 0.0066 0.0061 0.0071 0.0038 0.0055 0.0058 0.0131 

Averaged n-value  6.2 3.5 4.2 4.3 4.1 3.8 4.4 2.4 3.8 2.9 6.2 

Minimum n-value  2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.2 2.3 

Maximum n-value 15.6 18.5 18.9 18.9 15.5 14.8 15.9 7.7 16.4 15.7 19.6 

Standard deviation n-value 4.22 2.73 3.01 3.35 3.08 2.69 3.65 0.58 1.81 1.96 4.96 

Length of inundation in time 

(HH:MM) 
06:12 06:18 06:37 06:11 05:39 06:09 06:23 05:47 06:36 05:32 05:27 

 

Inundation 33 34 35 36 37 

Manually measured depth in m 0.262 0.262 0.262 0.262 0.262 

Averaged ASED depth in m 0.290 0.301 0.301 0.300 0.294 

Difference manual - ASED depth 

in m 
-0.028 -0.039 -0.039 -0.038 -0.032 

Minimum ASED depth in m 0.279 0.281 0.261 0.275 0.265 

Maximum ASED depth in m 0.360 0.359 0.359 0.355 0.352 

Standard deviation ASED depth 

in m 
0.0092 0.0084 0.0228 0.0136 0.0094 

Averaged n-value  5.2 8.3 7.1 8.3 6.4 

Minimum n-value  2.3 2.3 2.3 2.3 2.3 

Maximum n-value 19.4 19.9 19.7 19.8 19.5 

Standard deviation n-value 4.91 3.85 5.40 5.38 4.44 

Length of inundation in time 

(HH:MM) 
05:18 05:31 05:12 05:12 05:13 
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A.9 Performed experiments 

All the measurements will be obtained with the ASED-sensor with a fixed measurement 

frequency of 300 kHz, and as validation with a tape measure and with the echologger 

EU400 (SBES) in a water tank.  

Table A.6.17: Different water depths in metres for the echologger and the ASED-sensor 

SBES 0.137 0.197 0.260 0.336 0.392 0.442 0.496 0.556 

ASED-sensor 0.115 0.210 0.284 0.340 0.395 0.440 0.497 0.572 

 

The values in Table A.6.18 are the water depths measured by the tape measure.  

Table A.6.18: Different soil types versus the water depth for the echologger and the ASED-sensor 

Fraction sand in 

soil  

1.0 0.80 0.65 0.48 0.40 0.12 

ASED-sensor 0.186  0.188  0.181  0.178  0.179  0.189  

 0.400  0.394 0.393  0.396  0.400  0.393  

SBES 0.200  0.197 0.194  0.194  0.195  0.198  
 

0.403  0.392 0.393  0.402  0.406  0.391  

 

All the measured depths in metres are the manually measured depths in Table A.6.19.  

Table A.6.19: Manually measured water depths in metres of the dilutions of soil types 

Fraction sand  0.8 0.65 0.48 0.4 0.12 

% of water in the soil 16.37 17.07 19.95 21.75  

ASED 0.219 0.244 0.192 0.197  

SBES 0.192 0.223 0.176 0.181  

ASED 0.299 0.327 0.305 0.295  

SBES 0.284 0.315 0.31 0.3  

% of water in the soil 26.11 18.12 20 20.26  

ASED 0.212 0.197 0.179 0.205  

SBES 0.192 0.214 0.195 0.173  

ASED 0.307 0.305 0.295 0.287  

SBES 0.313 0.305 0.296 0.27  

% of water in the soil 26.93 30.94 41.27 44.47 57.5 

ASED 0.393 0.365 0.368 0.385 0.37 

SBES 0.376 0.373 0.355 0.37 0.381 

% of water in the soil 45.47 43.86 52.45 52.42 63.13 

ASED 0.38 0.356 0.357 0.37 0.358 

% of water in the soil  68.98  65.19 72.45 

ASED  0.385  0.376 0.353 

% of water in the soil  90.37    

ASED  0.423    

 


